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AUTOMATED EMC-DRIVEN LAYOUT AND FLOOR PLANNING 
OF ELECTRONIC DEVICES AND SYSTEMS 



RELATED APPLICATIONS 

[0001] This patent application claims benefit of United States 

Provisional Patent Application No. 60/222,906, filed August 3, 2000, entitled 
"SYSTEM, METHOD, AND APPARATUS FOR FIELD SCANNING" and United 
States Provisional Patent Application No. 60/304,479, filed July 10, 2001, 
entitled "METHOD OF COMPLIANCE TESTING." 

[0002] In addition, the following U.S. Patent Applications filed 

concurrently herewith are related to this application: "SYSTEM, METHOD, AND 
APPARATUS FOR FIELD SCANNING," U.S. Patent Application Serial 
No. ■'' ' : : ' (Attorney Docket No. 99021 0U1); "SYSTEM, METHOD, AND 
APPARATUS FOR PRODUCT DIAGNOSTIC AND EVALUATION TESTING," 
U.S. Patent Application Serial No / ? ■ - • : (Attorney Docket No. 
99021 0U3);" and "SYSTEM, METHOD, AND APPARATUS FOR STORING 
EMISSIONS AND SUSCEPTIBILITY INFORMATION," U.S. Patent Application 
Serial No.; . _ - (Attorney Docket No. 99021 0U4)." 

BACKGROUND 

Field of the Invention 

[0003] The invention relates to layout and floor planning of 
electronic devices and systems. 

Background Information 

[0004] Tools for automated component placement have become 
commonplace in the design and fabrication of modern electronic systems and 
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devices (such as integrated circuits). FIGURE 70 shows a flowchart for such a 
tool, which translates a logical or schematic circuit description into a template 
for the placement of components within an actual prototype. Input data for an 
automated placement tool may include a functional description of logical flow or 
signal flow, e.g. as embodied in a SPICE (for 'Simulation Program (with) 
Integrated Circuit Emphasis') netlist or a hardware description language (or 
'HDL') file. The tool may also receive data such as constraints on the size 
and/or shape of the finished prototype. When used to design integrated circuits, 
automated placement tools are also called 'floorplanners,' although similar tools 
may also be used to design multichip modules (MCMs), circuit boards or 
subassemblies, or even complete assemblies such as end-user and consumer 
products. 

[0005] It is known that if the template complies with certain rules of 

layout design, the likelihood of unforeseen complications in the operation of the 
resulting prototype will be reduced. One such layout design rule is to minimize 
the length and complexity of interconnections by placing highly connected 
components close to one other. Also, such rules dictate against the use of long 
parallel signal traces in the placement template in order to minimize crosstalk, 
coupling, and loading effects in the fabricated circuit, thus helping to ensuring 
signal integrity system-wide. 

[0006] Even when the final placement template complies with 

predetermined layout design rules, however, the resulting prototype will often 
fail to function as expected. One reason for such failure is that the layout 
design rules do not account for the actual electromagnetic interactions between 
the different elements of the system. Electromagnetic interference and 
electromagnetic compatibility are strongly dependent on the physical 
placements of the various circuit elements and the interconnections between 
these elements and the assignment of power and ground terminals. Also, the 
effects of electromagnetic emissions within the circuit become more pronounced 
as component sizes are reduced and component population densities and 
operating frequencies are increased. As a result, first-pass design of highly 



PA990210U2 
EL903005854US 




integrated components, especially those intended for operation at microwave 
frequencies, has become virtually impossible. 

[0007] Such problems may arise even if a part of the design has 

been used successfully in an earlier prototype. For example, it is becoming 
increasingly common to use circuit blocks in more than one design. Such a 
block may have been designed from scratch for an earlier application, for 
example, or it may have been purchased as a piece of intellectual property (IP) 
(also called an 'IP core') from an outside vendor. A layout tool that verifies 
compliance with layout design rules may fail to predict problems that arise when 
such a block is used in a different environment: adjacent to different functional 
blocks, for example, or operating at a different frequency, duty cycle, or clock 
edge, or fabricated in a different process. 

[0008] Moreover, the causes of such problems are not easily 

identified in the finished prototype. One reason is the difficulty of pinpointing the 
source of a troublesome emission from among a number of radiators. 
Therefore, corrective actions may be performed more or less blindly, while the 
precise causes for a problem remain unknown through several cycles of 
prototype revision, leading to inefficiencies of time and money. Not only does 
the design process become characterized by a costly iterative trial-and-error 
cycle, but certain corrective attempts (such as adding shielding) may even 
prove detrimental by adding weight, consuming volume, or even exacerbating 
the actual mechanism of interference. 

[0009] For such reasons, it is desirable to enable a preventative 

approach to circuit layout by assessing electromagnetic interactions between 
circuit elements during the design phase, thus allowing potential problems to be 
identified and solutions to be evaluated quickly and easily before the costly 
process of realization has begun. 

[0010] For portable products such as devices for wireless 

communications, there is demand for miniaturization, reduced weight and power 
consumption, and operation in unpredictable environments. These design 
requirements are in direct contradiction to enhanced performance requirements 
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such as increased system functionality, communications bandwidth, and data 
throughput. The production of products that meet these sets of contradictory 
requirements cannot be accomplished without paying careful attention to 
component/device electromagnetic compatibility early in the design phase. 
Therefore, it is desirable to have tools to support electromagnetic compatibility- 
driven design of electronic devices and systems. 



[0011] An apparatus according to an embodiment of the invention 
comprises an electromagnetic field calculator and an electromagnetic 
interference calculator coupled to the electromagnetic field calculator. The 
electromagnetic field calculator receives (A) information relating to a relative 
placement of a plurality of components and (B) a plurality of emissions profiles, 
each emissions profile relating to one among the plurality of components and 
outputs information regarding an induced electromagnetic field. The 
electromagnetic interference calculator receives (C) a plurality of susceptibility 
profiles, each susceptibility profile relating to one among the plurality of 
components, and (D) the information regarding an induced electromagnetic field 
and outputs information regarding effects caused by the induced 
electromagnetic field. 



SUMMARY 



BRIEF DESCRIPTION OF THE DRAWINGS 



[0012] FIGURE 1 is a block diagram of a positioning device 

according to an embodiment of the invention. 



[0013] 



FIGURE 2A is a top view diagram of arm 132. 



[0014] 



FIGURE 2B is a side view diagram of arm 132. 



[0015] 



FIGURE 3A is a side view of a home position sensor. 



[0016] 



FIGURE 3B is a top view of a home position sensor. 
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[0017] FIGURE 4 is a diagram of a sensor according to an 

embodiment of the invention. 

[0018] FIGURE 5 is a diagram of an active sensor according to an 

embodiment of the invention. 

[0019] FIGURE 6 is a diagram of a plate sensor according to an 

embodiment of the invention. 

[0020] FIGURE 7A is a diagram of a probe section of a plate 

sensor according to an embodiment of the invention. 

[0021] FIGURE 7B shows plates 312 and 314. 

[0022] FIGURE 8 is a diagram of effective capacitances in an 

operation of a plate sensor according to an embodiment of the invention. 

[0023] FIGURE 9A is a diagram of a stub sensor according to an 

embodiment of the invention. 

[0024] FIGURE 9B is a diagram of a ball sensor according to an 

embodiment of the invention. 

[0025] FIGURE 10 is a diagram of effective capacitances in an 

operation of a ball sensor according to an embodiment of the invention. 

[0026] FIGURE 1 1 is a diagram of a loop sensor according to an 

embodiment of the invention. 

[0027] FIGURE 12 is an illustration of the electrical connections for 

a multi-turn loop 319 fabricated on a multilayer printed-circuit board. 

[0028] FIGURE 13 is an illustration of a cross section of a multi- 

turn loop 319 fabricated on a multilayer printed-circuit board. 

[0029] FIGURE 14 is a diagram of a loop sensor according to an 

embodiment of the invention. 
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[0030] FIGURE 15 shows a path of a probe section in a scanning 

plane. 

[0031] FIGURE 16 shows a photograph of a near-field scanner 

constructed according to one embodiment of the invention. 

[0032] FIGURE 17 shows a block diagram of a near-field scanner 

constructed according to one embodiment of the invention as used with a fixed 
sensor. 

[0033] FIGURE 18 shows a VLSI chip emission profile. 

[0034] FIGURE 19 shows a block diagram of a near-field scanner 

constructed according to one embodiment of the invention as used with a 
rotating sensor. 

[0035] FIGURE 20 shows a photograph of a rotating sensor and 

rotation mechanism constructed according to embodiments of the invention. 

[0036] FIGURE 21 shows a presentation of information collected 

using a rotating sensor as shown in FIGURE 20. 

[0037] FIGURE 22 shows a photograph of an active magnetic field 

sensor constructed according to one embodiment of the invention. 

[0038] FIGURE 23 shows a photograph of several loop sensors 

constructed according to embodiments of the invention. 

[0039] FIGURE 24 shows a photograph of a TEM cell. 

[0040] FIGURE 25 shows a comparison of results from two 

calibration tests conducted on a 10mm loop sensor. 

[0041] FIGURE 26 shows a photograph of an active sensor 

constructed according to one embodiment of the invention. 

[0042] FIGURE 27 shows a close-up photograph of the sensor 

shown in FIGURE 26. 
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[0043] FIGURE 28 shows a schematic diagram for the sensor 

shown in FIGURE 26. 

[0044] FIGURE 29 shows a graph of S1 1 for a shorted twisted-pair 

line. 

[0045] FIGURE 30 shows a photograph for a rotating sensor and 

rotation mechanism constructed according to embodiments of the invention. 

[0046] FIGURE 31 shows a photograph of a rotating sensor and 

stepper motor rotating mechanism constructed according to embodiments of the 
invention. 

[0047] FIGURE 32 shows a photograph indicating a positioning 

laser on a rotating mechanism constructed according to one embodiment of the 
invention. 

[0048] FIGURE 33 shows a schematic diagram of a home position 

switch of a rotating mechanism constructed according to one embodiment of the 
invention. 

[0049] FIGURE 34 shows a screen display of calibration results 

obtained using an active sensor constructed according to one embodiment of 
the invention and a TEM cell. 

[0050] FIGURE 35 shows a screen display of results obtained 

using a rotating sensor constructed according to one embodiment of the 
invention. 

[0051] FIGURE 36 shows a presentation of information collected 

using a rotating sensor constructed according to one embodiment of the 
invention. 

[0052] FIGURE 37 shows a screen display of calibration results 
obtained using an E field stub sensor constructed according to one embodiment 
of the invention. 
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[0053] FIGURE 38 demonstrates a definition of plane of incidence 

for a 2mm ball sensor constructed according to one embodiment of the 
invention. 

[0054] FIGURE 39 shows plots of the transfer functions for a 2mm 

ball sensor constructed according to one embodiment of the invention for the 
case of parallel and perpendicular polarizations. 

[0055] FIGURE 40 shows an overview of an operating system 

according to a particular embodiment of the invention. 

[0056] FIGURE 41 shows a state diagram of programs and 

engines in an operating system according to a particular embodiment of the 
invention. 

[0057] FIGURE 42 shows a flowchart of a process of an operating 

system according to a particular embodiment of the invention. 

[0058] FIGURE 43 shows a block diagram of a start up menu of an 

operating system according to a particular embodiment of the invention. 

[0059] FIGURE 44 shows an entry screen of an operating system 

according to a particular embodiment of the invention. 

[0060] FIGURE 45 shows a block diagram of a preview screen of 

an operating system according to a particular embodiment of the invention. 

[0061] FIGURE 46 shows a preview screen of an operating 

system according to a particular embodiment of the invention. 

[0062] FIGURE 47 shows a process flow of a preview stage of an 

operating system according to a particular embodiment of the invention. 

[0063] FIGURE 48 shows a startup selection screen of an 

operating system according to a particular embodiment of the invention. 
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[0064] FIGURE 49 shows a screen of an operating system 

according to a particular embodiment of the invention at which a sensor transfer 
function may be selected, inputted, or edited. 

[0065] FIGURE 50 shows a window displaying how a DUT scan 

area and increment for a particular test may be defined in a preview screen of 
an operating system according to a particular embodiment of the invention. 

[0066] FIGURE 51 shows a screen displaying a Z axes parameter 

selection dialog of an operating system according to a particular embodiment of 
the invention. 

[0067] FIGURE 52 shows a screen displaying a spectrum analyzer 

setup for a fixed sensor scanning operation of an operating system according to 
a particular embodiment of the invention. 

[0068] FIGURE 53 shows a screen displaying a spectrum analyzer 

setup for a rotating sensor scanning operation of an operating system according 
to a particular embodiment of the invention. 

[0069] FIGURE 54 shows an electrical block diagram of a rotating 

sensor scanning operation using an operating system according to a particular 
embodiment of the invention. 

[0070] FIGURE 55 shows a structure for a preview screen of an 

operating system according to a particular embodiment of the invention. 

[0071] FIGURE 56 shows an IR sensor setup screen of an 

operating system according to a particular embodiment of the invention. 

[0072] FIGURE 57 shows a peak monitoring search setup screen 

of an operating system according to a particular embodiment of the invention. 

[0073] FIGURE 58 shows a structure for a scan screen of an 

operating system according to a particular embodiment of the invention. 
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[0074] FIGURE 59 shows a screen including a real-time display of 

a scanning operation as performed using an operating system according to a 
particular embodiment of the invention. 

[0075] FIGURE 60 shows a screen display of an operating system 

according to a particular embodiment of the invention indicating field intensity 
versus rotation. 

[0076] FIGURE 61 shows a structure for a scan screen of an 

operating system according to a particular embodiment of the invention. 

[0077] FIGURE 62 shows a structure for a presentation screen of 

an operating system according to a particular embodiment of the invention. 

[0078] FIGURE 63 shows a presentation screen of an operating 

system according to a particular embodiment of the invention. 

[0079] FIGURE 64 shows a screen display of an operating system 

according to a particular embodiment of the invention indicating field decay. 

[0080] FIGURE 65 shows a screen display of an operating system 

according to a particular embodiment of the invention indicating a position of a 
sensor with respect to a device under test over a bitmap image of the device. 

[0081] FIGURE 66 shows a screen display of an operating system 

according to a particular embodiment of the invention indicating a spectrum 
analyzer waveform of a monitored signal. 

[0082] FIGURE 67 shows a structure for a presentation screen of 

an operating system according to a particular embodiment of the invention. 

[0083] FIGURE 68 shows a structure for a presentation screen of 

an operating system according to a particular embodiment of the invention. 

[0084] FIGURE 69 shows a sensor calibration screen display of an 

operating system according to a particular embodiment of the invention. 
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[0085] FIGURE 70 shows a flowchart for an automated placement 

tool. 

[0086] FIGURE 71 shows a flowchart for a method according to an 

embodiment of the invention. 

[0087] FIGURE 72 shows a flowchart for an extension of the 

method of FIGURE 71. 

[0088] FIGURE 73 shows a flowchart for another extension of the 

method of FIGURE 71. 

[0089] FIGURE 74 shows a flowchart for an extension of the 

method of FIGURE 73. 

[0090] FIGURE 75 shows a flowchart for a method according to a 

further embodiment of the invention. 

[0091] FIGURE 76 shows an extension to the method of FIGURE 

75. 

[0092] FIGURE 77 shows an alternate extension to the method of 

FIGURE 75. 

[0093] FIGURE 78 shows a block diagram for an apparatus 

according to an embodiment of the invention. 

[0094] FIGURE 79 is a representation of a circuit board having 

several components that indicates an emissions profile over a predetermined 
area. 

[0095] FIGURE 80 shows the representation of FIGURE 79 and 

indicates a calculated induced field corresponding to the emissions profile. 

[0096] FIGURE 81 shows a diagnostic method according to an 

embodiment of the invention. 
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[0097] FIGURE 82 shows a diagnostic method according to an 

embodiment of the invention. 

[0098] FIGURE 83 shows an evaluation method according to an 

embodiment of the invention. 

[0099] FIGURE 84 shows an evaluation method according to an 

embodiment of the invention. 

[00100] FIGURE 85 shows a method of emissions measurement 
according to an embodiment of the invention. 

[00101] FIGURE 86 shows an emissions profile for a VLSI chip at 
about 12 MHz. 

[00102] FIGURE 87 shows an emissions profile for a VLSI chip at 
about 60 MHz. 

[00103] FIGURE 88 shows an electric field signature of a VLSI die 
at about 20 MHz. 

[00104] FIGURE 89 shows results of an E field scan of areas of a 
board (left) and a VLSI chip (right) affected by radiation at about 20 MHz. 

[00105] FIGURE 90 shows false-color and contour plots of 
magnetic field emission profiles of a VLSI die (top) and a board (bottom) at 
about 20 MHz. 

[00106] FIGURE 91 shows E-field emissions profiles of a functional 
filter (A) and a defective filter (B). 

[00107] FIGURE 92 shows emissions profiles of an AC adapter at 
its fundamental switching frequency (about 65 kHz). 



[00108] FIGURE 93 shows an emissions profile of a cellular phone 
at about 340 MHz. 
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[00109] FIGURE 94 shows an emissions profile of a cellular phone 
at about 60 MHz as obtained by a magnetic field sensor constructed according 
to an embodiment of the invention. 

[00110] FIGURE 95 shows a near-field signature of the cellular 
phone shown in FIGURE 94 measured at four separate planes above the 
product at about 60 MHz using a magnetic field sensor constructed according to 
an embodiment of the invention. 

[00111] FIGURE 96 shows a comparison of spectrum content of 
VLSI chip samples made by two different foundries, measured between 180- 
185 MHz. 

[00112] FIGURE 97 shows a comparison of emission spectra of 
three ASICs A, B, and C as fabricated using process sizes of 0.42, 0.35, and 
0.25 microns, respectively. 

[00113] FIGURE 98 shows emissions profiles for a dual transistor 
test board. 

[001 14] FIGURE 99 shows additional emissions profiles for the dual 
transistor circuit shown in FIGURE 98. 

[00115] FIGURE 100 shows a flowchart for a method for EMI/EMC- 
driven computer-aided design according to an embodiment of the invention. 

DETAILED DESCRIPTION 

[00116] Through precise automated positioning of a sensor, an 
apparatus according to an embodiment of the invention collects data on the 
near-field behavior of a DUT. The DUT may be a passive component, an active 
device such as an integrated circuit, a printed circuit board, an interconnect, or 
an entire electronic product. In an exemplary implementation, the DUT is 
positioned on a rotary table, the sensor is attached to a robot arm or other 
positioning mechanism having three degrees of freedom, and the data is 
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processed by automated means to produce a profile in space of the near-field 
emissions of the DUT. The data collected may pertain to emissions in various 
regions of the electromagnetic spectrum (including the RF and infrared regions), 
and measurements may be taken with a fixed sensor or with a rotating sensor. 
In an alternative embodiment, an emitting antenna is precisely positioned at 
numerous points near to a DUT, and the susceptibility of the DUT to the 
emissions is characterized by monitoring all or a selected subset of the output 
terminals of the DUT and processing the data thus acquired. 

[00117] Systems, methods, and apparatus according to 
embodiments of the invention as described herein may be used in one or more 
of the applications that appear in the following list. Additionally, a method 
according to an embodiment of the invention may be used to obtain similar 
results even with other systems or apparatus. 

[00118] 1) to identify the frequency, the nature, and/or the location 
of the source of electromagnetic emissions, and/or the interference mechanism 
in action, from electronic components and devices, RF hardware, circuit boards, 
and other electronic products. 

[00119] 2) to facilitate and/or execute the design of low-emissions 
application-specific integrated circuits (ASICs) by providing guidelines that will 
enable better chip floor planning and layout by proper selection of such device 
parameters as operating frequencies, clock edges, and electronic package. 

[00120] 3) to establish near-field emissions specifications for ASICs 
and other electronic parts and products and to identify and reject electronic 
parts having high near-field emissions and for qualifying foundries and 
fabrication processes. 

[00121] 4) to investigate changes in emission levels from a specific 
ASIC due to changes in device feature (i.e., process size, power distribution 
and overall layout). 

[00122] 5) to provide information on component and device 
emission signatures at the design outset. 
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[00123] 6) to investigate the emission characteristics and suitability 
of packages for ASICs and other electronic components and to establish 
guidelines for selection and design of such packages, and also to qualify 
electronic packages and compare different packages containing the same ASIC 
with respect to their emissions performance. 

[00124] 7) to investigate the effect of process size on the emission 
spectrum and to provide information on the relationship between internal 
transition time and emission spectrum bandwidth. 

[00125] 8) to evaluate the near-field shielding effectiveness of 
materials and geometries used in wireless applications. 

[00126] 9) to compare the near-field emission performance of 
different ASIC designs. 

[00127] 10) to perform emissions measurements at the system and 
product levels. This application may be useful in cases where the individual 
parts comply with FCC standards, yet their combination fails to comply and/or to 
perform properly due to interference problems. 

[00128] 11) to assess performance of RF and microwave 
connectors and antennas. 

[00129] 12) to create profiles by performing DC field measurements 
and/or measurements in the infrared band and/or in another region of the 
electromagnetic spectrum and to correlate thermal profiles in space with RF 
profiles in space. This application may be useful, for example, in studying RF 
heating effects on RF device packages such as power amplifiers, and for 
monitoring the temperature of core elements used in ASICs, such as random- 
access and flash memory. 

[00130] 13) to provide direction and magnitude data for use in SAR 
(specific absorption rate) measurements as required by the Federal 
Communications Commission (FCC) and/or other standards or regulatory 
bodies for wireless personal communication products. 
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[00131] 14) to diagnose failure analysis, for example, by identifying 
physical defects in RF filters, RF leakage from connectors, cracked electronic 
packages, circuit boards, etc. 

[00132] 15) to develop emissions and susceptibility databases for 
use by a computer-aided design (CAD) tool. 

[00133] 16) to make susceptibility measurements by creating 
electromagnetic fields in the vicinity of devices, components and systems in 
order to evaluate the effects of the fields on those parts. 

[00134] 17) to perform near-field emissions measurements of 
multichip modules and three-dimensional electronic packages to assess their 
design and performance. 

[00135] 18) to measure the noise floor in the space surrounding a 
device or product, wherein noise refers to a random or asynchronous process. 

[00136] 19) to perform single triggering measurements in order to 
investigate EMI/EMC-related events that may be observed only during a small 
window of time. 

[00137] 20) to perform emissions measurements of circuit boards or 
devices, or components at a single frequency while varying the amplitude of the 
applied signal/source or, at a fixed amplitude while varying the frequency of the 
source. This application may provide valuable information on the behavior of 
interference mechanisms operating on the DUT, essentially producing a visual 
transfer function for each case. Such information may be useful for checking 
how a given design performs over a range of frequencies and/or amplitudes. 

[00138] 21) to obtain direction and magnitude of a magnetic field at 
each scan position. In this application, maximum field intensity at each scan 
position and the angle at which it occurs may be recorded by rotating a 
magnetic field sensor. The sensor output may indicate a characteristic of the 
magnetic field or of the current that gives rise to it. Vectors derived from the 
output at each scan position may be encoded, for example, according to a 
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false-color mapping. Rotating sensor emissions data for each device may also 
be used to create an emissions database for a CAD tool according to an 
embodiment of the invention. In this case, the data may be converted 
mathematically to current density, from which near fields and/or far fields at any 
point on the system may be calculated. 

Hardware 

[00139] Emissions from electronic devices have previously been 
measured by the manual use of sniffer probes, a technique that is limited to 
finding the general location of severe 'hot spots'. In one commercial 
application, an array of sniffer probes is arranged in a grid below a test surface. 
The device under test (DUT) is placed onto the test surface, and the array is 
scanned. One shortcoming of a probe array is that the resolution of any 
measurement obtained is limited to the size of the individual probes and the 
spacing between them. Therefore, use of a probe array is limited to 
measurements at the circuit board or product level, which are far too imprecise 
to identify the location of a near-field source in the space surrounding the DUT. 

[00140] Another shortcoming of a probe array is that it offers 
measurements that are defined in only two dimensions. Such measurements 
do not provide a basis for reliable information concerning the evolution or decay 
of a near field with respect to distance from the source. One important 
consequence is that the measurements obtained cannot be used to determine 
what kind of a near field is being emitted. 

[00141] A third shortcoming of a probe array is that the 
measurements obtained may not accurately represent the field actually emitted 
by the DUT. The potential for inaccuracy arises because the array must have a 
large number of sensors in order to attain a useful resolution. As a 
consequence, the array tends to load the DUT, and the array elements may 
also interact with each other either directly or through the DUT. Additionally, the 
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array enclosure may be resonant at certain frequencies, thereby distorting the 
measurement. 

[00142] A fourth shortcoming of a probe array is that it is only 
suitable for use with loop element sensors. Therefore, such an array cannot be 
used to measure electric near-fields. 

[00143] Another quality which existing instruments lack is 
modularity, so that even within their limited range of functionality and reliability 
such instruments may be used only with standard probes. Additionally, such 
existing instruments and approaches yield only relative measurements at best 
and cannot be used to obtain quantitative measurements (e.g. to support 
electromagnetic metrology measurements). Also, such existing instruments and 
approaches cannot be used to resolve components of the E or H fields. 
Moreover, such existing instruments and approaches cannot be used to 
measure the direction of a field. 

[00144] Transverse electromagnetic (TEM) cells are currently used 
in the IC industry to evaluate electromagnetic emissions of ICs. Emissions tests 
are conducted by placing the DUT inside the TEM cell. One such evaluation 
method is described in standard J 1 752/3 ('Electromagnetic Compatibility 
Measurement Procedures for Integrated Circuits: Integrated Circuit Radiated 
Emission Measurement Procedure, 150 kHz to 1000 MHz, TEM Cell,' published 
March 1995) of the Society of Automotive Engineers (Warrendale, PA). While 
TEM cells can indicate the presence or absence of emissions and the levels of 
the emissions, however, they cannot identify either the locations of their sources 
within a device or the interference mechanisms responsible for improper 
functioning of a device or system under test. 

[00145] FIGURE 1 illustrates a positioning device 100 according to 
an embodiment of the invention. The device under test (DUT) 10 is placed on 
platform 110. Platform 110 may be either a stationary platform as shown in 
FIGURE 1, or it may be a movable platform such as a rotary table. In an 
exemplary implementation, platform 1 10 includes a polymer surface selected for 
minimum reflection. Platform 110 may also include a small circuit board that 
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acts as an electromagnetic bull's eye. For example, such a board may include 
a passive antenna element having a null at a particular location in space (e.g. 
having an area no larger than a minimum step size of positioning device 100) 
that may be detected as a reference position for a sensor. Platform 110 may 
also include other registration elements (e.g. a mechanical bull's eye, holes 
and/or pegs for mating with a system to be tested, etc.). 

[00146] Sensor 120 is positioned near to DUT 10. Although in an 
exemplary implementation sensor 120 is positioned above DUT 10, for most 
purposes the relative orientation of these two items is unimportant to the 
practice of the invention, such that it is only necessary for sensor 120 to be 
close enough to DUT 10 to investigate the emissions of interest. For example, 
so long as DUT 10 is properly secured, sensor 120 may be positioned to the 
side of or even below DUT 10. 

[00147] In an exemplary implementation, positioning device 100 is 
an xyz table. This table comprises three stages: upper stage 160, which moves 
either up or down; middle stage 150, which carries upper stage 160 and moves 
either to the left or to the right, as viewed in FIGURE 1; and lower stage 140, 
which carries middle stage 150 and moves in a direction either into or out of the 
paper, as viewed in FIGURE 1 . Each stage is moved by virtue of a mechanical 
coupling to one of three stepper motors, which are preferably emission-free. In 
a particular application of this implementation, each stage is coupled to its 
stepper motor via a belt and pulley arrangement, the maximum range of motion 
in each axis is 18 inches, and a minimum distance between adjacent positions 
is less than 1 micrometer, providing a positioning resolution of better than 2 
micrometers. 

[00148] Instead of or in addition to stepper motors, positioning 
device 100 may incorporate one or more rack-and-pinion elements, 
servomotors, or any similar devices capable of providing precise spatial 
translation and/or rotation. In its broadest sense, practice of this particular 
embodiment of the invention requires only that positioning device 100 be 
controllable to precisely position a sensor across a suitable range of motion in 
three dimensions. 
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[00149] In a system according to an embodiment of the invention as 
shown in FIGURE 1, sensor 120 is linked to positioning device 100 by arm 130, 
which holds the sensor in a vertical orientation. As noted above, for most 
purposes the particular orientations of arm 130 and sensor 120 are unimportant, 
so long as sensor 120 is positioned appropriately closely to DUT 10. In some 
applications, it may be desirable also to support the distal end of arm 130 (e.g. 
in a case where scanning is performed only in a plane orthogonal to the axis of 
sensor 120). 

[00150] Sensor 120 may be any device that outputs a signal in 
response to a nearby electric, magnetic, or thermal field. Suitable commercially 
available devices such as sniffer probes or infrared (IR) sensors may be 
adapted as necessary for use with a positioning device as shown in FIGURE 1, 
or a sensor according to an embodiment of the invention as described herein 
may be used. 

[00151] One advantage that may be incorporated into a positioning 
device as shown in FIGURE 1 is modularity. In such an implementation, sensor 
120 may easily be changed or replaced, and the user may choose from a wide 
range of sensors specially designed for a particular application. Signal 
processing operations may be performed on the acquired signal to account for 
the transfer function of the selected sensor (including corrections for probe 
interaction with the field, loading effects, frequency-dependent effects, etc.), for 
cable losses, and/or for the characteristics of any additional units (such as 
amplifiers or filters) that may be applied in the sensor signal path. Additionally, 
the data collected may be presented in a wide variety of different formats and 
may be outputted and/or stored for use in other applications. 

[00152] In order to conduct measurements having a directional 
component, sensor 120 may be rotated about one of its axes. For example, 
sensor 120 may be rotated about an axis orthogonal to a surface plane of the 
DUT. FIGURES 2A and 2B show top and side views, respectively, of an 
embodiment 132 of arm 130 that enables axial rotation of sensor 120 to be 
performed in a controlled manner. In this embodiment, a motor pulley 146 is 
mounted on the shaft of a stepper motor 148 (which may be emission-free). A 
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rotation of motor pulley 146 is transferred via a belt 144 to a sensor pulley 142, 
which is mounted on a shaft of sensor 120 (or to a shaft that secures sensor 
120). An adjustment mechanism 152 (e.g. including one or more slots and 
fasteners) is provided for adjusting the position of stepper motor 148 at least 
linearly (e.g. along arm 132) to allow belt 144 to be properly positioned and 
tensioned. Precise control of the rotational orientation of sensor 120 may thus 
be achieved through automated control of stepper motor 148. 

[00153] It may also be desirable for the rotating mechanism (e.g. 
arm 132) to include a home position sensor to indicate an orientation of sensor 
120. In an exemplary implementation, a home position sensor detects when 
sensor 120 rotates through a particular position (e.g. by detecting an optical 
indicating mark on sensor 120). FIGURES 3A and 3B show one suitable 
arrangement including a disc 162 having a hole 164 near its perimeter that 
rotates about its axis with sensor 120. An optoelectronic switch 166 having an 
emitter 168 and a detector 169 is disposed in a position that is stationary with 
respect to the axis of rotation, such that the disc interrupts an optical path of the 
switch except when the hole passes between emitter 168 and detector 169. An 
output signal of detector 169 thus indicates an orientation of sensor 120, which 
orientation may be correlated with measurements obtained by probe section 
31 0 to indicate a directional aspect of the field being measured. 

[00154] In alternate embodiments, controlled rotation of sensor 120 
may be accomplished by the use of a mechanism other than a belt-driven 
pulley, such as a rack-and-pinion assembly. A similar rotation mechanism may 
also be integrated into sensor 120 itself rather than into an implementation of 
arm 130. Rotation of sensor 120 may be performed by any other suitable 
mechanism, which mechanism may be mounted upon positioning device 100, 
may rotate positioning device 100, or may instead be a part of positioning 
device 100. In further implementations, platform 110 translates and/or rotates 
DUT 10 relative to sensor 120. While arm 130 is a useful component of one 
embodiment of the invention, it is not a necessary part of other embodiments of 
the invention, wherein sensor 120 may be mounted directly onto positioning 
device 100. 
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[00155] FIGURES 3A and 32B also show another feature that may 
be incorporated into an embodiment of arm 130: registration unit 154. This unit 
is used to establish a precise alignment between an initial position of sensor 
120 and DUT 10. Such an alignment may be used to correlate an output 
produced by the apparatus with other outputs of the apparatus or with images of 
the DUT produced by other means (e.g. digital or digitized photographs of the 
DUT). In an exemplary implementation for system level measurements, 
registration unit 154 comprises a laser diode module capable of providing a 
crossbeam pattern (e.g. for visual reference). In another implementation for 
device and die level measurements, registration unit 154 includes a miniature 
video camera or other imaging device (e.g. having a CMOS or CCD sensor) to 
allow increased alignment precision. 

Sensors 

[00156] FIGURE 4 shows a block diagram of a sensor 120 for use 
in measuring electromagnetic fields. As described herein, the nature of probe 
section 310 may vary depending on the particular application and/or type of field 
being measured. Likewise, the nature of cable 230 may vary depending on the 
application. For example, cable 230 may be semi-rigid and/or shielded. For 
example, cable 230 may be a small-diameter coaxial cable (having an 
impedance of, e.g., fifty ohms). In another implementation, cable 230 may be a 
twisted pair whose impedance may vary according to the twist angle. 

[00157] A conditioning circuit 240 may optionally be inserted into 
the signal path of cable 230, although such a circuit may be omitted in other 
implementations of sensor 120. Conditioning circuit 240 may comprise a 
passive or active filter, a passive impedance-matching network such as a balun 
(balanced-unbalanced transformer), or an active network using e.g. field-effect 
transistors (FETs) and/or a low-noise amplifier. Note that cable 230 between 
probe section 310 and conditioning circuit 240 need not be of the same type as 
cable 230 between conditioning circuit 240 and connector 250. For example, 
the cable on one side of conditioning circuit 240 may be unbalanced (e.g. 
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coaxial cable) while the cable on the other side may be balanced (e.g. a twisted 
pair). 

[00158] FIGURE 5 shows a circuit diagram for a sensor according 
to an embodiment of the invention that includes an active implementation 242 of 
conditioning circuit 240. A bias tee 190 (which may be external to the sensor) is 
used to apply power from DC power source 195 to the sensor signal line. 
Within conditioning circuit 242, the power is applied to amplifier 170 via AC 
block 180, which prevents the sensor signal from feeding into the amplifier 
through its power connection. If necessary, a decoupling capacitor may be 
used to prevent the DC power signal from feeding into amplifier 170 through its 
output terminal. In an exemplary implementation, amplifier 170 is a monolithic 
microwave integrated circuit (MMIC) such as an IVA-14 series variable gain 
amplifier (Agilent Technologies, Palo Alto, CA). In a further implementation, a 
gain or other parameter of amplifier 170 is controlled by varying the DC voltage 
supplied through bias tee 190 and inputting at least a portion of that voltage to a 
control terminal of amplifier 170. For balanced operation, probe section 310 
may be connected to amplifier 170 via a twisted pair line. 

[00159] For mechanical stability, the elements of sensor 120 may 
be mounted onto an optional substrate 220, which is selected to provide rigidity 
without appreciable effect on the fields being sensed. For example, substrate 
220 may be a glass-epoxy or other substrate of a printed circuit board (PCB) 
upon which conditioning circuit 240 is fabricated or mounted. 

[00160] The measurement signal induced in probe section 310 is 
eventually outputted at connector 250 into an external cable that carries the 
signal to a processing unit. Connector 250 may be any structure suitable for 
carrying electrical signals across the desired frequency range without 
appreciable loss (or at least with compensable loss). In an exemplary 
application, connector 250 is a SMA connector (according to United States 
Department of Defense Military Performance Specification MIL-PRF-39012) or 
another connector (e.g. BNC, N) suitable for carrying RF signals. A sensor of 
the form shown in FIGURE 4 may be used to measure time-varying fields 
having frequencies of from a few hundred kilohertz up to several gigahertz. 
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[00161] FIGURE 6 shows a block diagram of a plate sensor 
implementation 122 of sensor 120 that may be used for measurement of electric 
fields. The probe section 310 of this sensor comprises a pair of conductive 
plates 314 and 312 (as shown in FIGURE 7B), each plate being conductively 
attached to one of the conductors 234 and 236 of a coaxial cable 232 (as 
shown in FIGURE 7A). In a particular implementation, cable 232 is a small- 
diameter semi-rigid 50-Q. coaxial cable. 

[00162] Each of the plates 312 and 314 may be made of metal; for 
example, the plates may be etched into alternate sides of a two-sided PCB. In 
exemplary implementations, plates 312 and 314 are of the same size, are both 
of circular or rectangular shape, and have diameters of from less than 2 mm to 
no more than 30 mm. As shown in FIGURE 7B, plate 312 has a hole in the 
center to allow center conductor 234 to pass through plate 312 without 
contacting it. 

[00163] As shown in FIGURE 7A, a dielectric 316 having a 
dielectric constant of e may be supplied between the plates. A capacitance Ci 
is expressed as eA/d, where A is the area of a plate in m 2 and d is the distance 
between the plates in m 2 . For an output impedance of 50 Q., the ratio between 
the voltage across the plates V 2 and the magnitude of the detected electric 
potential Vi may be expressed as 



C 2 50eoC l 

where gj is the signal frequency (in radians per second) and C2 is the 
capacitance (in farads) between sensor 120 and DUT 100 (see, e.g., FIGURE 
8). 

[00164] Alternatively, a monopole sensor implementation 124 of 
sensor 120 having a stub lead 317, or a ball sensor implementation 126 of 
sensor 120 having a small-diameter ball 318 at the probe tip, may be used for 
the detection of electric fields. A stub sensor as shown in FIGURE 9A tends to 
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detect only the vertical component of an incident E field (i.e. only the vertical 
component induces a current in the stub lead). A ball sensor as shown in 
FIGURE 9B, on the other hand, tends to detect all three components of an 
incident E field, as field lines in all three dimensions may be tangent to the ball. 

[00165] A ball sensor as shown in FIGURE 9B may be considered 
as an extension of a plate sensor as discussed above. Because a ball sensor 
offers greater sensitivity than a plate or stub sensor of similar diameter, the ball 
sensor may be used at a greater distance from the DUT, thus minimizing 
interference of the sensor with the emitted fields. Ball 318 may be a brass 
sphere having a diameter of from one to five millimeters, although balls of other 
materials, shapes, and/or dimensions may also be used. A ball sensor may be 
constructed by trimming a section of semi-rigid coaxial cable to expose a portion 
of the center conductor and insulator, and soldering (or otherwise conductively 
attaching) the ball to the center conductor. A ball sensor may be used, for 
example, for measurements at a system level (e.g. cellular telephones, 
stretchboards, printed circuit boards). 

[00166] The ball sensor samples the electric field by presenting an 
effective capacitance C e ft that is the series combination of the capacitance C 3 
between shield conductor 236 and DUT 10 and the capacitance C 4 between ball 
318 and DUT 10 (see, e.g., FIGURE 10). To within a first-order approximation, 
a relation between the voltage across the probe (i.e. between ball 318 and 
shield conductor 236) and the magnitude of the detected electric potential may 
be represented by substituting C3 and C4 for C1 and C 2 , respectively, in 
expression (1) above. In order to minimize perturbation of the field being 
observed, it is desirable to reduce C 3 and C 4 , e.g. by reducing the diameter of 
cable 230 and ball 318, respectively. 

[00167] FIGURE 11 illustrates a loop sensor implementation 128 of 
sensor 120 that may be used to measure magnetic fields. This sensor 
comprises a loop 319 that may be of wire or of metal or may even be etched 
into a printed circuit board (PCB). Loop 319 may be a single-turn loop or may 
comprise a loop of more than one turn. In exemplary implementations, loop 319 
has a diameter of from 1 mm or less to not more than 10 mm. The voltage V 
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induced at the terminals of loop 319 due to the magnetic flux density B (a vector 
quantity) of a field may be expressed as 

V = n x B x w x A x cos a, (2) 

where n is the number of turns in the loop, to is the signal frequency in rad/s, A 
is the loop area in m 2 , and a is the angle between the vector B and the plane of 
the loop. 

[00168] FIGURE 12 illustrates how blind vias 272, 274, and 276 
may be used to connect turns 262, 264, and 266 of a multiple-turn loop etched 
into a multilayer PCB to each other and to terminal traces 282 and 284. 
FIGURE 13 shows a cross section of such a multiple-turn etched loop taken 
along lines AA, where each turn of the loop is separated by interlayer insulator 
290. 

[00169] FIGURE 14 illustrates a loop sensor implementation 129 of 
sensor 120 that may be used to measure magnetic fields. In this 
implementation, a balanced transmission line (such as twisted pair 234) is used 
to carry the signal from the balanced sensor loop 319. As mentioned above, 
the impedance of such a cable may be tuned by selecting and/or varying the 
twist angle. For example, the cable may be tuned to match the impedance of 
loop 319 to an input of conditioning circuit 240 or to another transmission line or 
processing stage. In an exemplary implementation, loop 319 is formed in the 
same wire used to fabricate twisted pair cable 234. 

[00170] In an exemplary implementation, loop sensor 129 includes 
an active conditioning circuit 242 as described above. In this implementation, 
amplifier 170 is implemented using a differential amplifier. In combination with 
twisted pair cable 234, the differential mode of operation cancels common- 
mode interference and provides a high degree of noise immunity. 

[00171] In order to obtain an accurate characterization of an emitted 
field over a two- or three-dimensional area, it may be desirable to prevent probe 
section 310 of sensor 120 from moving relative to the rest of the sensor (e.g. 
unless such movement is controlled). For example, it may be desirable to 
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center probe section 310 relative to an axis of the sensor body before beginning 
measurements and to prevent probe section 310 from being displaced from this 
position during use. 

[00172] As shown in FIGURE 14, a brittle extension 295 may be 
implemented as a length of small-diameter glass tubing enclosing the portion of 
cable 230 that connects the probe section to conditioning circuit 240 and/or 
connector 250. This extension prevents displacement of probe section 310 of 
sensor 120 relative to the sensor body and may also minimize damage to the 
sensor body in case of accidental collision of probe section 310 (e.g. with DUT 
10 or platform 110). Brittle extension 295 may also be used to facilitate 
alignment (e.g. centering) of probe section 310 relative to the sensor body. 
Assemblies including probe section 310, cable 230, and brittle extension 295 
may be prepared in advance for quick and easy replacement in case of 
damage. Brittle extension 295 may also be used with other implementations of 
sensor 120 as described herein. 

[00173] As loop 319 is a directional sensing element, loop sensor 
129 may be used to measure a direction of a magnetic field vector at a 
particular position with respect to DUT 10. For example, sensor 129 may be 
rotated by arm 132 or a similar mechanism as described above, with the output 
of the sensor being sampled several or many times during the rotation. In an 
exemplary implementation, connector 250 is a rotary SMA connector or similar 
device supporting a suitable transfer of the RF signal (and possibly DC power) 
between the rotating and non-rotating elements of the system. 

[00174] As described above with reference to FIGURE 5, a bias tee 
190 may be used to supply DC power to an active sensor over the sensor signal 
line. In a case where an active sensor is rotated by arm 132 or a similar 
mechanism as described above, it may be desirable for bias tee 190 to be 
located on the other side of connector 250 from probe section 310 such that 
bias tee 190 remains stationary with respect to the rotation. 

[00175] For detection of thermal fields, an implementation of sensor 
120 that is sensitive to emissions in the infrared (IR) region may be used. 
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Probe section 310 of such a sensor may comprise a photodiode or other light- 
sensitive semiconducting device, which device may be doped to increase its 
sensitivity in this region and/or to reduce its sensitivity to emissions of other 
wavelengths. Such a sensor may also incorporate an optical filter to prevent 
unwanted emissions from reaching the sensing element. 

[00176] In an alternative embodiment of sensor 120, emissions 
near to the DUT are conducted from the observed location to a remote sensing 
device optically (e.g. through a fiber optic cable) instead of electrically through a 
cable 230. By removing the RF cable from the vicinity of the DUT, such an 
embodiment may allow further minimization of the effect of the scanning 
process on the fields being measured. For the measurement of thermal fields, 
for example, the same IR sensor may be used as when the sensor is placed 
near to the DUT. For the measurement of magnetic or electric fields, the 
remote sensor may be a commercially available device capable of transducing 
RF fields from optical signals. 

[00177] Other types of sensors that may be used with a positioning 
device as shown in FIGURE 1 include a sensor having a probe section 310 that 
includes two perpendicular coils. A sensor of this type may be used to 
determine the magnitude and direction of a static or near-static magnetic field. 
The probe section 310 of another type of sensor includes the die portion of a 
field-effect transistor. When the gate is biased with respect to one of the source 
and drain terminals, the other terminal may be used to sense electric field or 
charge, and amplification at the probe may also be achieved. 

[00178] A probe section 310 as described above may be reduced in 
size using one or more microelectromechanical systems (MEMS) elements. A 
sensor having a probe section 310 that includes MEMS elements, for example, 
may be used to detect fields having wavelengths in the millimeter, 
submillimeter, and even infrared ranges. Other types of sensors include probe 
sections having one or more Hall effect sensors, magnetoresistive sensors, or 
superconducting quantum interference devices (SQUIDs). Sensors having 
arrays of probe sections 310 as described herein may also be used. As 
described herein, a sensor and positioning device according to an embodiment 
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of the invention may be used to detect signals having values of only tenths of a 
microvolt (or microamp), and an upper frequency of such measurements is 
limited only by the nature of the particular sensor selected. 



Operating system 

[00179] In using a sensor and positioning device as described 
herein, it may be desirable to perform one or more functions including 
calibration of the sensor, control of the motion and position of the sensor, 
control of other instruments in the signal path such as a spectrum analyzer, 
processing of a signal or signals received from the sensor and/or the DUT, and 
acquisition and presentation of data. For example, it may be desirable to 
control the sensor to move across a specified area or volume relative to the 
DUT, and at the same time to receive, process, store, and/or display data 
outputted by the sensor that relates to an electromagnetic field present in the 
specified area or volume. In an exemplary implementation, an operating system 
as described herein coordinates the practice of several methods (e.g. including 
such functions) according to embodiments of the invention. 

[00180] Such an operating system may be designed to perform 
essentially the same operations, and using essentially the same interface, 
regardless of either the size or particular set of features of the sensor and 
positioning device being controlled or the particular processing, data collection, 
and/or signal generation equipment that may also be present in the signal path. 
For scanning operations, a user interface of such an operating system may be 
broadly divided into three phases: preliminary, scanning, and presentation. 
Functions that may be performed in the preliminary phase include the following: 

[00181] 1) choose a sensor appropriate for the desired application. 
Sensor characteristics that may be relevant to such a choice include the type of 
field that the sensor is designed to detect, sensitivity, signal-to-noise, and 
resolution or spot size (e.g. as determined with respect to one or more 
reference sources); 
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[00182] 2) configure the signal path. For example, it may be 
desirable to include a low-noise amplifier (LNA) in the signal path. Alternatively, 
it may be desirable to reduce the level of gain of an amplifier or preamplifier 
already in the path. It may be desirable to configure the path to include one or 
more signal processing units such as filters or to compensate for other factors 
such as cable losses and amplifier noise figures. It may also be desirable to 
account for the transfer function of the sensor (e.g. as obtained from a 
calibration procedure as described herein). In such case, a recognition 
mechanism (e.g. including a mechanical key and/or an optical and/or electrical 
mechanism to sense an identifying code of the sensor) may be included to allow 
automatic recognition of a sensor and consequent selection of the appropriate 
transfer function (e.g. by selecting a particular file containing the transfer 
function, or by indicating a directory or folder where such a file may be stored); 

[00183] 3) select a frequency, a range of frequencies, or a number 
of individual frequencies or ranges of frequencies to investigate; 

[00184] 4) program scan area(s) and resolution. To select and 
program the volume or area to be scanned, the user may enter such 
parameters as the range and increment along each of the x, y, and z axes. For 
example, FIGURE 15 shows a scan path of a probe section 310 between 
defined measurement points, as defined by increment values and scan 
dimensions in each axis of a plane. In an exemplary embodiment, the user 
selects the scan area, the number of planes to scan (each plane being parallel 
to a surface of the DUT), the distance of the first plane from the DUT, and the 
spacing between adjacent planes (three-dimensional measurements of this kind 
may be useful for determining characteristics of the decay of the sensed field 
over distance). If the inputted parameters do not produce an integer number of 
measurements in each axis, the increment values and/or scan area may be 
adjusted. In other implementations, scanning may occur only at selected 
discrete points or along a specified line or curve. The user may be restricted 
from entering scan parameters that would cause the probe section 310 to pass 
within a minimum distance from the DUT (e.g. to avoid collision); 
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[00185] 5) select a file folder and/or filename at which to store the 
collected data. A file format may also be selected (e.g. for compatibility with 
another software package); 

[00186] 6) configure external instruments, such as a spectrum 
analyzer and/or or an oscilloscope, to process and/or record data outputted by 
the sensor. Relevant parameters may include reference level and units, 
resolution and video bandwidth, sweep time and span, peak excursion, and 
averaging; 

[00187] 7) configure the DUT to operate in a selected mode during 
the scanning phase and/or configure one or more external sources to provide 
an input signal to the DUT during the scanning phase and/or to vary such a 
signal in a controlled manner; 

[00188] 8) configure one or more external sources to provide a 
signal for susceptibility measurements. In such case, a passive sensor may be 
used to radiate rather than sense signals, or an antenna unit (e.g. including a 
loop, monopole, or dipole radiator of suitable dimension) may be used with a 
positioning device as described herein; and 

[00189] 9) select one or more operations (if any) to be performed 
during the scanning phase, such as collection of emissions data or collection of 
susceptibility data. A gated or triggered mode of operation may also be 
selected (e.g. for sensing fields that are pulsed). 

[00190] The preliminary phase may include an exploratory scan. In 
an exemplary implementation, for example, a joystick or computer mouse 
control is provided for manually positioning sensor 120 with respect to DUT 10 
(alternatively, a set of coordinates for a desired destination of the sensor may 
be entered from a keyboard). This feature may be used to perform preliminary 
manual scanning of the DUT or for placement of the sensor in peak monitoring 
mode as described herein. Moreover, the joystick control or a similar manual 
positioning mechanism may be used to enter an initial placement of sensor 120 
and may also be used in conjunction with registration unit 460 to align this initial 
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placement with some identifiable feature of the DUT (e.g. so that images of the 
DUT and/or of various sensed fields may be more easily aligned for 
comparison). 

[001 91] Spectrum content and peak monitoring measurements 
may also be performed (e.g. in preparation for or instead of a scanning 
operation). For example, a spectrum content measurement may be performed 
in order to identify frequencies to be investigated during an exploratory scan 
and/or during the scanning phase (e.g. frequencies where emissions levels are 
excessive). In a method according to one embodiment of the invention, a 
spectrum analyzer (or other suitable detector) is used to determine the 
frequencies at which the fields emitted from the DUT have components of 
significant strength. The user may then select the particular frequencies to be 
scanned and can also mark undesired ambient (background) peaks or other 
features for deletion from the data to be presented. The latter feature may be 
particularly useful for conducting measurements at a site where a shielded room 
is not available or practical. 

[00192] A peak monitoring measurement may be performed to 
provide a basis upon which to compare one device to another (or one process 
to another) with respect to total near-field emissions over a selected frequency 
range. In one such method according to an embodiment of the invention, a 
sensor is fixed in position near the DUT. A bandwidth s is chosen (where s is 
measured in MHz), and the frequency and amplitude for each signal are 
recorded as the sensor's output is scanned over the selected frequency range. 
From this information, the spectral content figure of merit (SCFM) is calculated 
as 

(3) 

where N is the number of signals in a given range and A is the amplitude of 
each signal. The presence of a signal may be defined with respect to the noise 
floor or, alternatively, with respect to a predetermined threshold. During 
spectrum content or peak monitoring measurements, the sensor may remain 
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stationary with respect to the DUT, or it may be moved and/or rotated relative to 
the DUT. 

[00193] During the optional exploratory scan, the user may move 
the sensor with respect to the DUT while observing the emissions levels being 
sensed (e.g. at selected frequencies or ranges of frequencies). According to 
this information, the user may determine whether an amplifier is needed. The 
user may also determine whether the emissions being sensed are due to the 
DUT or to an external source. In a case where an external source is interfering 
with the measurement, the user may take preventative measures before 
executing the scanning operation by shielding the DUT, adding an appropriate 
filter to the signal path, choosing a more selective sensor (e.g. one having a 
smaller spot size), and/or compensating for the interference by subtracting it 
from the measured data. If necessary, signal levels may also be reduced by 
filtering or decreasing a gain factor. 

[00194] In a case where a directional sensor is used, the 
preliminary phase may also include verifying a minimum separation between the 
directional components of the sensed field. For a loop sensor, for example, a 
minimum signal is obtained when the plane of the loop is parallel to the field, 
and a maximum signal is obtained when the plane of the loop is perpendicular 
to the field. If the difference between the minimum and maximum (e.g. in dB) 
does not satisfy a specified threshold, the user may configure the signal path to 
include additional gain as necessary or choose a different sensor. 

[00195] Another operating mode that may be selected is calibration 
of a sensor with a TEM cell or a microstrip line. Reference fields as emitted by 
a TEM cell, or by a microstrip line of sufficient length that edge and connector 
effects may be ignored, are useful in that their field values may be accurately 
modeled. By correcting for the known field behavior in a sensor's response, a 
calibration curve may be obtained for the sensor (e.g. relating sensor output 
level to frequency for a constant input level). 

[00196] Emissions measurements may be conducted at one or 
more selected frequencies or ranges of frequencies. Likewise, susceptibility 
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measurements at one or more selected frequencies or ranges of frequencies. 
Modes of operation that may be selected for execution during the scanning 
phase include combinations of fixed or rotating sensor, fixed or rotating DUT, 
electric or magnetic field monitoring, and RF or static field monitoring. 

[00197] In a time domain measurement mode, an oscilloscope may 
be used to display time-domain signals radiating from the DUT. Such a mode 
may be useful in applications where contact measurements would distort the 
field under study, and it may also be used to monitor triggering events. In a 
thermal analog monitoring mode, the temperature at a single point on a DUT 
may be monitored over time. Other modes of operation include mapping DC 
fields. 

[00198] In the scanning phase, field strength data at one or more 
chosen frequencies is measured and recorded as a function of sensor position 
while the DUT is operating. The apparatus may automatically record the 
amplitude of each chosen frequency at every sensor position over the area or 
volume selected. The user may select a type of display by which to monitor the 
data collected, and readouts for monitoring the scanning process are also 
provided in an exemplary implementation. If necessary, the sensor's pattern of 
movement during scanning may be preprogrammed to account for the 
placement and/or orientation of the DUT. Such compensation may be 
especially useful in a case where the DUT is being rotated during the scanning 
phase. 

[00199] Monitoring of the output of a rotating sensor during 
scanning may be performed by a spectrum analyzer in zero-span (tuned 
receiver) mode (or another suitable detector), with the output of the spectrum 
analyzer being sampled using an analog-to-digital converter (ADC). In an 
exemplary implementation, detection of a home position of the sensor (e.g. hole 
164 in disk 162) is used to trigger sampling by the ADC. The sampled data may 
then be processed (e.g. by the host computer) to determine the magnitude and 
direction of the field vector at each scanning location. For example, 
measurements taken at two orthogonal directions of the loop (e.g. the maximum 
and minimum measurements) for each fixed x, y, z position of the sensor may 
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be unambiguously combined to obtain a resultant magnetic field intensity at that 
sensor position. 

[00200] Monitoring of the output of a rotating sensor may also 
include a glitch monitor to detect and indicate possible problems with, e.g., the 
rotary connector. Wear and tear of this connector, or failure of the preamplifier, 
may introduce glitches or spikes on the RF line. In accordance with an 
indication by this monitor, a scanning procedure may be paused (possibly 
including storing data collected thus far) for correction of the problem and 
subsequent completion of the procedure. In a further implementation, indication 
by a glitch monitor during an unattended scanning procedure may trigger 
transmission of a notification to the user, e.g. via pager and/or e-mail. 

[00201] In the presentation phase, data collected during the 
scanning phase (and/or retrieved from storage) may be displayed as, e.g., 
false-color images of RF field intensity, IR intensity, source impedance, and/or 
power as distributed over a preselected area or volume; contour plots of current 
density distribution over the surface of the DUT; and/or plots of field intensity 
decay with distance from the DUT. It is also possible to obtain and compare 
several plots, each of which may represent a different property of the near-field 
emissions. One or more such plots may also be displayed in real time during 
data collection, together with parameters of the present test (e.g. as selected 
during the preview phase). Additional examples of display forms that may be 
used in the presentation phase include the following: 

[00202] a) a two- or three-dimensional image showing field strength 
variation over the area or volume scanned. In an exemplary implementation, 
field strength values are shown in false color, e.g. with red representing 
locations of higher field strength and violet representing locations of lower field 
strength. Electric (magnetic) fields are measured in linear units of volts (amps) 
per meter and logarithmic units of dB microvolt (microamps) per meter. 
Evolution of the field above the DUT may be depicted by an integrated 
collection of two-dimensional representations of parallel planes at different 
heights above the DUT; in an exemplary application, these planes may be 
spaced from 1 to 3 mm apart; 
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[00203] b) plots of field strength versus distance (e.g. in linear, 
logarithmic, or semilog form), showing field decay with distance for a specific 
point on the device. These plots may be used to determine the boundary 
between the near- and far-field regions and/or to identify the type of near field 
detected. They may also be used in designing board and enclosure level 
shielding; 

[00204] c) field direction contour plots. These plots are obtained by 
rotating the field sensor and recording the orientations at which field maxima 
occur. For example, the sensor may be rotated through either 180° or 360°, 
and field direction at each scan point in a grid may be represented by an 
appropriately oriented line or arrow. Near-field information obtained in this 
fashion is related to current density distributions in the DUT; 

[00205] d) raw or filtered data suitable for use by other analysis 
programs such as MATLAB; 

[00206] e) RF power density plots, wherein each point represents 
the total RF power (i.e. within a predetermined bandwidth) detected at that 
location; and 

[00207] f) thermal (e.g. infrared) field images from data obtained in 
a similar manner as for electric and magnetic fields. Correlation of such plots 
with RF power density plots is useful for examining RF heating effects on the 
device package, for example. By comparing hot and cool spots in the thermal 
images with the high and low intensity spots on plots of field strength versus 
position, it can be determined whether the heating is caused by RF energy or 
some other source. 

[00208] In cases where the measured data includes a directional 
value, plots as described above may also be displayed in polar coordinates. 
Additional information that may be captured and displayed during the 
presentation mode includes images from other equipment in the signal path 
(e.g. from the screen of the spectrum analyzer). Display of images and 
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information as described herein may also include printing color and/or black- 
and-white images. 

[00209] Assuming that suitable registration steps are performed 
before scanning, plots obtained as described herein may be combined with 
each other and/or with other images of the DUT (and/or an image of an outline 
of the DUT) to reveal correlations between the fields detected and other 
features of the DUT. For example, a cursor in a digital image of the DUT may 
be ganged to cursors in one or more displays of collected data such that 
corresponding spatial locations among the various displays may be easily 
identified. In one such arrangement, for example, movement of the cursor to a 
hot spot in an intensity plot will cause the cursor in a bitmap image of the DUT 
to move to the location corresponding to the hot spot. Alternatively, features of 
the collected data plot (such as contour lines) may be overlaid onto a digital 
image of the DUT. 

[00210] In an exemplary implementation, routines to perform 
control, processing, and display functions as described herein are coordinated 
under a single integrated interface using the LabVIEW software package 
(National Instruments Corp., Austin, TX). This particular approach was chosen 
for ease of development only, however, and must not be construed as a 
limitation of the invention, as methods according to embodiments of the 
invention may be practiced using any other suitable software package or 
suitable combination of packages. For example, any or all of the functions 
described herein may also be performed using a program written in C, C++, C#, 
Visual Basic, Java, or any other suitable computer language. 

A scanning system constructed according to one embodiment of the invention 

[00211] In this section, an automated, high-precision placement and 
scanning system constructed according to one embodiment of the invention is 
discussed. Combined with control, signal recording, and processing software, 
this scanning system provides accurate, high-resolution mapping of the near 
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fields. This discussion relates to a particular embodiment of the invention and 
does not limit the more general description of other embodiments as presented 
herein. 

[00212] This near-field emissions scanning system may be used for 
both diagnostic and research and development purposes. As a diagnostic tool, 
for example, the scanning system may be used for such tasks as: 

[00213] 1) The identification of unexpected sources of radiated 
emissions at the chip, package, board, and system level. 

[00214] 2) The identification of interference mechanisms that may 
impact component and system functionality. 

[00215] 3) The investigation of changes in emissions levels from a 
specific ASIC due to changes in, for example, device feature size, power 
distribution, and overall layout. 

[00216] 4) The investigation of the effectiveness of specific 
shielding practices and/or materials on electromagnetic noise suppression. 

[00217] In its basic configuration, a system according to this 
particular embodiment of the invention includes a passive (E or H) sensor 
mounted on a robot arm, a three-axis positioning system, a low noise amplifier, 
a signal detector (e.g. a spectrum analyzer), and a host personal computer that 
is programmed to perform motion/instrument control and data acquisition tasks. 
Due to its modular design, the system (as shown in FIGURE 16) may 
accommodate standard or user-defined/designed sensors and other signal 
processing and detecting hardware as may be desirable for the specific 
application at hand. A block diagram of this basic configuration is shown in 
FIGURE 17. 

[00218] The system may be used to obtain an emissions profile in 
the following manner: Once scan area/space above a DUT is defined by the 
user, voltage(s) sensed by the sensor at each scan position and at the 
frequency or frequencies of interest are amplified and subsequently recorded by 
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the spectrum analyzer. The host computer then reads the signal level via a 
GPIB bus (National Instruments Corp., Austin, TX; also called 'IEEE-488') and 
records the field intensity. A field intensity distribution for each frequency is 
constructed by plotting the recorded intensity for each scan position (or pixel) 
and may be presented as a false-color image. Typical output is of the format: 

Eh-*. *,./,]. < 4 > 

where x,, y h and z,- denote the spatial coordinates of the Mh sample and // 
denotes the recorded intensity at that sample. FIGURE 18 shows an example 
of an intensity plot obtained with a fixed sensor. 

[00219] The same configuration may also be used to acquire 
frequency content information with respect to a device. This acquisition may 
include measurements at a fixed position (e.g. directly above the die). The 
program records the signals emitted by the device within a given bandwidth for 
further analysis. 

[00220] A more complete picture of the field may be obtained 
through the use of a rotating sensor. A system configuration for this application 
is shown in FIGURES 19 and 20. In this configuration, a maximum field 
intensity at each scan position is recorded, together with the angle at which it 
occurs. This information may be obtained using a rotating sensor assembly 
mounted on the scanner arm, as shown in FIGURE 20. 

[00221] A typical output for such a configuration may depict a 
magnetic field or the current that gives rise to such a field. Each scan position 
(or pixel) is now represented by a vector whose magnitude may be coded as 
above according to a color chart. FIGURE 21 illustrates an example of an 
emissions profile obtained for a microstrip line terminated in its characteristic 
impedance. 

[00222] Features that may be realized in a scanning system 
according to this embodiment of the invention may include the following: 
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[00223] a) Instrument has three degrees of freedom and operates 
with electromagnetic and static field sensors. 

[00224] b) Modular design permits user choice of detector, sensor, 
and signal processing hardware. 

[00225] c) Capable of 1 micron stepping. 

[00226] d) Sensitivity: H field, 1 jiA/m; E field, 0.1mV/m (for a 10mm 
magnetic field sensor at 1000 MHz). 

[00227] e) Multiple frequency sweeps in one scan. 

[00228] f) Adaptive spectrum analyzer settings optimized for each 
frequency. Frequencies of interest may have individual settings, including 
triggered measured. 

[00229] g) Interactive sensor transfer function editor, with entries 
available for LNA (low noise amplifier) gain and cable losses. 

[00230] h) Scan area defined with a laser pointer or based upon the 
dimensions of the DUT. 

[00231] i) Scan step size selectable for each dimension. 

[00232] j) Sweeps a range of emission frequencies and displays 
field intensity of each peak found. Saves the selected frequencies for scanning. 

[00233] k) Manual control of sensor position for preview. Sensor 
position may be set by using a joystick, moving a screen cursor, or entering 
coordinates from the keyboard. 

[00234] I) H field sensors for recording direction and magnitude of 
field emissions. 



[00235] 



m) IR sensor for monitoring and imaging. 
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[00236] n) During automatic scans, one or more false-color images 
of field intensity may be displayed in real time. Scaling may be set 
automatically or manually. 

[00237] o) After scanning is complete, a presentation/analysis 
engine may be called to provide the user with additional information such as 
one or more of the following: 

[00238] 1) a digital image (e.g. a bitmap) of the DUT may be shown 
in conjunction with the field intensity false-color image. Ganged cursors may be 
used to facilitate visualization of a correspondence between hot spots and 
specific locations of the DUT; 

[00239] 2) for multiple planes, a plot showing decay of field intensity 
over distance may be displayed; 

[00240] 3) for each frequency, the captured spectrum waveform 
may be displayed; 

[00241] 4) for directional sensors, field strength vs. angle may be 
displayed at each position. 

Development and use of sensors according to particular embodiments of the 
invention 

[00242] In this section, a number of E and H field sensors capable 
of detailed, high-resolution mapping of the field are discussed. This discussion 
relates to particular embodiments of the invention and does not limit the more 
general description of other embodiments as presented herein. 

[00243] In order to obtain near-field measurements, it is desirable to 
use sensors capable of measuring magnetic and electric components of the 
field accurately and with high resolution. Type (e.g. whether passive or active) 
and size of a sensor used may depend upon the intensity and distribution of the 
source under investigation. FIGURE 22 shows one example of an active 
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sensor constructed according to an embodiment of the invention, and FIGURE 
23 shows additional examples of sensors constructed according to 
embodiments of the invention. 

[00244] Field sensors may be calibrated against a reference source 
in a TEM or Crawford cell. Such a cell is commonly used (e.g. in standards 
promulgated by the Federal Communications Commission) to establish a 
uniform field for device susceptibility and sensor calibration measurements. 
The basic structure of a TEM cell (as shown in FIGURE 24) can be viewed as a 
modified stripline with side-walls added. The dimensions of the cell and the two 
tapered sections are chosen so that a characteristic impedance of 50 ohms is 
maintained throughout. A reference field is set in the cell through application of 
a source voltage. 

[00245] A computer-controlled setup has been developed for 
automatic calibration of sensors in the frequency range of interest. A formula or 
look-up table is then obtained and applied as the transfer function of the sensor. 
In order to verify the accuracy of our procedure, several commercial probes 
were purchased and sent for calibration to a certified laboratory. The 
laboratory's results were then compared with the calibration results we obtained 
with those commercial probes in our own lab using a method according to an 
embodiment of the invention (see FIGURE 25 for a comparison of calibration 
results for a 10mm loop probe). 

[00246] A loop sensor design may be used to measure time-varying 
magnetic fields. We have developed a number of passive loop sensors that 
may be calibrated in the TEM cell. While such calibration provides a relatively 
accurate transfer function, problems may arise with sensors that include passive 
loop sensors. Due to the asymmetric nature of the loop sensors made from 
sections of semi-rigid coaxial cable, for example, the sensor may act to some 
extent as an E field sensor. This problem may be reduced by adding 
impedance-matching components in-line between the loop (balanced line) and 
the semi-rigid coaxial cable (unbalanced line). However, this solution may be 
detrimental to the bandwidth of the sensor, due to a limited bandwidth of the 
matching transformer (balun). Also, passive sensors do not provide isolation 
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between the loop (the sensing element) and the amplifier. Therefore, the 
section of the line connecting the loop to the detection circuitry (which may in 
some cases reach one foot in length) may become part of the sensor, possibly 
affecting measurement accuracy and distorting the results. 

[00247] For such reasons and in order to obtain more accurate 
results, a sensor including an active loop sensor was designed. Such a sensor 
may be used as a fixed sensor or as a rotating sensor. The sensor is powered 
through its RF output line, such that DC power for the circuitry on the sensor is 
delivered through the sensor's RF output line. This delivery is accomplished by 
using a bias tee device at the output end, which allows the user to apply DC 
and still maintain isolation with the main amplifier in the circuit. At the 
preamplifier on the sensor, the DC is kept decoupled from the RF output of the 
amp by using two inductors. 

[00248] The loop is connected to the amplifier via a twisted-pair 
transmission line. Both the sensor loop and the twisted-pair line are inherently 
balanced. The signal picked up by the sensor is then applied differentially to 
the preamp input. The combination of the twisted-pair line and a differential 
amplifier configuration offers excellent noise immunity. FIGURES 26 and 27 
show photographs of an active sensor constructed according to one 
embodiment of the invention, and FIGURE 28 shows a schematic diagram for a 
circuit of such a sensor. 

[00249] The probe output voltage may be characterized by the 
application of Faraday's law: 

V = B (oA cos 0, (5) 

[00250] where V denotes induced voltage at the loop's terminals, B 
denotes magnetic flux density, co denotes the frequency of the field, A denotes 
loop area, and 9 denotes the angle that the loop plane makes with the applied 
field. FIGURE 29 shows a plot of the return loss (S1 1) of a shorted twisted-pair 
line. 
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[00251] In order to obtain high-resolution measurements, it may be 
desirable to decrease the loop area. Ideally, an ability to determine a field's 
characteristics at any point in space may be desired. In practice, however, loop 
response decreases with loop area, and the use of external high-gain, low-noise 
amplifiers may become necessary. 

[00252] A passive loop sensor may be fabricated using semi-rigid 
coaxial cable or may be etched on FR4 material. Effective diameter sizes for 
use at the system level (e.g. for testing of stretch boards or cellular phones) 
may range from 2 to 10 mm. 

[00253] A more complete picture of the H field, direction and 
intensity may be obtained through the use of a vector field sensor. Such 
measurements may be accomplished by rotating an active sensor (e.g. using a 
miniature stepper motor assembly mounted on the scanner arm). In this setup, 
maximum field intensity at each scan position, and the angle at which it occurs, 
is recorded. 

[00254] For this configuration, DC power to the sensor and RF 
output of the sensor may share the same path through a 50-ohm rotary joint. 
The sensed signal is amplified and sent to the spectrum analyzer, which is used 
as a tuned receiver with an envelope detector. The analyzer's analog output is 
connected to an A/D converter board, such that all further processing may be 
done in software. Rotation and data acquisition operations may be 
synchronized by applying the stepper motor indexer pulses to the A/D converter 
scan clock. 

[00255] To establish a reference sensor position, an optointerrupter 
switch mounted on the arm transmits a position of a pinhole drilled on a sensor 
pulley to the A/D converter board. A typical sensor rotation velocity for this 
embodiment is 3 revolutions per second. FIGURES 30 and 31 show elements 
of the sensor and rotation mechanism, FIGURE 32 shows a positioning laser 
that may be used in establishing a reference relation between the sensor and 
the DUT, and FIGURE 33 shows a schematic circuit diagram for one 
embodiment of an optointerrupter switch assembly. FIGURE 34 shows a 
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screen display of calibration results for an active sensor as obtained using a 
method according to an embodiment of the invention and a TEM cell, and 
FIGURE 35 shows a screen display of results obtained using a rotating sensor. 



embodiment of the invention may depict a magnetic field vector or the current 
that gives rise to such a vector. For example, a vector whose magnitude is 
coded according to a color chart may be used to represent each scan position 
(pixel). FIGURE 36 shows an example of a display of an emissions profile 
obtained for a microstrip line terminated in its characteristic impedance. 

[00257] In its simplest form, an electric field sensor may be a small 
piece of wire protruding above a ground plane as a monopole antenna. In a 
time-varying electric field E, the voltage produced at the output of the sensor is 
V = L x E, where L is the effective length of the monopole, i.e. one half of the 
physical length. FIGURE 37 shows a screen display of calibration results for an 
E field sensor as obtained using a method according to an embodiment of the 
invention. 

[00258] The following discussion of the development of the transfer 
function for a ball sensor assumes that the probe is placed in a homogenous 
medium and is exposed to an electromagnetic field of known polarization and 
electric field intensity. This discussion also assumes that the probe is 
electrically small (i.e. that its size is much smaller than the wavelength of the 
measured electromagnetic field). The specific probe under consideration is a 
2mm ball probe, and a coaxial cable to which the probe is connected is 
assumed to be match-terminated. 

[00259] Under these assumptions, a probe transfer function may be 
defined as follows: 



[00256] 



An output as displayed using a method according to an 



H(0) = 



Magnitude of the induced voltage in the coaxial cable (mV) 



(6) 



Magnitude of incident electric field (V/m) 
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[00260] where 6 is the angle of the direction of propagation of the 
incident electromagnetic field with respect to the axis of the coaxial cable, as 
illustrated in FIGURE 38. 

[00261] In FIGURE 38, the electric field shown is for the case of 
parallel polarization. The case of perpendicular polarization is the case where 
the electric field has only the x component (i.e. perpendicular to the plane of 
incidence). 

[00262] It is noted that FIGURE 38 depicts the so-called parallel 
polarization case where, with the yz defined as the reference plane of the 
incident electromagnetic field, the electric field vector is parallel to the plane of 
incidence. It is a well-known fact in electromagnetic field theory that any 
incident field can be decomposed into two parts, a transverse magnetic part 
(having only the x component of the magnetic field and y, z components of the 
electric field), and a transverse electric part (having only the x component of the 
electric field and y, z components of the magnetic field). The transverse 
magnetic part constitutes the parallel polarization case depicted in FIGURE 38. 
The transverse electric part is referred to as perpendicularly polarized, since its 
electric field vector is perpendicular to the defined plane of incidence. For a 
complete characterization of the receiving properties of the probe, transfer 
functions should be defined for both components of the field. 

[00263] The transfer function (6) is derived through a series of 
simulations where the probe is excited by an incident electromagnetic field 
represented by a plane wave with the appropriate polarization (parallel or 
perpendicular) and with the direction of propagation of the incident field as a 
parameter. It is noted that, under the assumption that the wavelength is much 
larger than the dimensions of the probe, the received voltage will be controlled 
primarily by the electric dipole moments of the ball (which are proportional to the 
volume of the ball). More specifically, the probe tip functions as a capacitive 
load. The induced current on the probe is proportional to the time derivative of 
the electric field. Thus, assuming a match-terminated coaxial cable, the 
received voltage is also proportional to the time derivative of the electric field. 
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[00264] Using results from simulations, the following expressions 
were obtained for the transfer function (6), for the case of parallel and 
perpendicular polarization: 

// (0) = 0.0158 + 0.15560 + l.OO72sin0, 

(7, 8) 

H pcrp (0) = 0. 1 634 + 0.0 1 620 - 0.0204 sin 0, 

[00265] where the angle 0 is in radians. FIGURE 39 provides a 
pictorial description of expressions (7) and (8). These equations lead to the 
following observations: 

[00266] Perpendicular Polarization. The transfer function is for all 
practical purposes independent of the angle of incidence of the field. This fact is 
easily correlated with the fact that the electric field is always transverse to the 
axis of the coaxial cable. Thus, the magnitude of the electric field interacting 
with the probe is independent of the angle of incidence. 

[00267] Parallel Polarization. The transfer function exhibits a strong 
dependence on the angle of incidence of the electromagnetic field. The transfer 
function attains its maximum value when the electric field is parallel to the axis 
of the probe. 



An operating system according to a particular embodiment of the invention 

[00268] FIGURES 40-69 show aspects of an operating system 
according to a particular embodiment of the invention. This discussion relates 
to a particular embodiment of the invention and does not limit the more general 
description of other embodiments as presented herein. 

[00269] FIGURE 40 shows an overview of the operating system. 
FIGURE 43 shows a structure of a startup menu. Operating modes that may be 
selected include: 

electromagnetic sensor, time-varying output; 
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field sensor, DC output (e.g., IR or Hall effect sensors); 

analog output, measurement at a single point; 

sensor calibration; 

peak monitoring; 

and time domain measurements. 

A new test may be selected at a preview screen, or an existing file may be 
recalled for analysis or review at a presentation screen. 

[00270] FIGURE 45 shows a structure of a preview screen for an 
electromagnetic sensor for time-varying fields. At a test information 
setup/filename assignment screen, the following functions may be performed: 

sensor selection (i.e. fixed or rotating, active or passive), assign sensor transfer 
function; 

assign filename; 

enter gain or loss for amplifier, filter, and/or cable; 

enter test information. 

[00271] At a DUT geometry/position setup screen, the following 
functions may be performed: 

X, Y, Z range; 

X, Y, Z increments; 

number of planes above DUT; 

location with respect to test table. 

This setup may be done by using a laser crossbeam and/or by using machine 
vision for alignment. 
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[00272] At a spectrum analyzer setup menu screen, the following 
functions may be performed: 

select spectrum analyzer model; 

manual control/setup of spectrum analyzer for frequencies to be monitored; 

set parameters such as resolution bandwidth, sweep time, video bandwidth, 
span, peak excursion, averaging, units, reference level; 

select frequencies; 

save corresponding waveform; 

[00273] Under a source control submenu (i.e. for a signal source 
applied to the DUT), the following functions may be performed: 

signal generator setup menu: frequency and/or amplitude; 

pulse generator setup menu; 

select model; 

select test parameters. 

[00274] FIGURE 47 shows a process flow of a preview stage. In a 
test information task, the following functions may be performed: 

define sensor type; 

edit sensor transfer function; 

enter LNA gain & cable losses; 

select bitmap file; 

save setup. 

[00275] In a set-up scan task, the following selections may be 

made: 
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X/Y axes area; 
step size; 

number of planes and position. 

[00276] In a detector configuration task, the following functions may 
be performed: 

monitor DUT; 

capture waveforms; 

find all peaks in a band; 

define RF settings. 

[00277] A preview screen for RF rotating sensor is similar to that for 
the fixed sensor. The main difference is in the spectrum analyzer setup menu. 
The spectrum analyzer operates in the zero-span mode, i.e., as a tuned 
receiver for the selected scan frequency. The spectrum analyzer detector 
output is read by an A/D converter, and variation of signal strength with rotation 
angle of the sensor is recorded. 

[00278] A preview screen for the DUT on rotating platform mode is 
similar to the fixed sensor case, but with these changes. The sensor now 
follows a contour around the DUT as defined by user (e.g. equations describing 
the contour may be entered by the user). The DUT is placed on a rotary table 
and rotated by incremental angles as defined by the user. The sensor and 
alignment laser are now mounted parallel to the robot arm. 

[00279] FIGURE 55 shows a structure for a preview screen for 
using field sensors with DC output. At an analog output measurement at a 
single point screen, the following functions may be performed (for the example 
of an IR sensor): 



configure detector output to A/D; 
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set emissivity; 

define spot on DUT to be monitored; 

define spot size by adjusting detector height. 

[00280] At a screen for any field sensor with DC output, functions 
may be similar to those for a fixed sensor but with these changes: measurement 
is performed at one frequency only, and detector output is sent to an A/D 
converter. 

[00281] A preview screen for peak monitoring is similar to the RF 
fixed sensor case but with these changes: 

a single fixed sensor position above the DUT; 

spectrum analyzer setup parameters include marker peak excursion, resolution 
bandwidth, 

number of averages, and reference level; 

selections include frequency span per sweep, initial and final frequencies, cable 
loss, amplifier gain, and sensor type. 

The program then records emission frequencies for the DUT and the 
corresponding amplitudes. 

[00282] FIGURE 58 shows a structure for a scan screen for RF 
fixed sensor. This mode may include recording multiple points of data at each 
scan position for test conditions as defined by the user (signal amplitude, 
frequency, rise time, etc.). At a monitor real-time data as false-color image 
screen, the following selections may be made: 

for each plane above DUT, or 

for each emission frequency, or 

for each specific setting of the signal source applied to DUT (e.g., frequency, 
amplitude, rise time). 
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[00283] At a readouts screen, the following selections may be 

made: 

sensor position; 
field intensity; 
frequency; 

sensor calibration factor for each frequency; 
Z axis plane number above DUT; 
sensor transfer function; 
X, Y, Z limits. 

[00284] A scan screen for RF rotating sensor is similar to the RF 
fixed sensor case but with these changes: 

a real-time false-color image may show maximum field intensity recorded at 
each pixel; 

a polar/linear plot may show intensity versus angle for each scan position; 

sensor rotational position control may be available. 

[00285] A scan screen for RF/DUT rotary motion is similar to the RF 
fixed sensor case but with this change: a real-time image shows field intensity 
for each cross-section of the defined scan space. 

[00286] FIGURE 61 shows a structure for a scan screen for DC 
field sensors. A DC field sensors screen may be similar to the RF fixed sensor 
case but with this change: a real-time image to show static (DC) field intensity 
for each scan position. 

[00287] FIGURE 62 shows a structure for a presentation screen for 
RF fixed sensors. A readouts screen may include the following selections: 



Z plane number; 
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X, Y, Z; 
frequency; 
Z elevation. 

[00288] A display data screen may include the following features: 
electric/magnetic field intensity profile in false color, for each frequency; 
bitmap of DUT; 

ganged cursors for examination of the emission profile with respect to the DUT 
image. 

[00289] In an example of a function performed from an export data 
to other analysis or presentation programs screen, the software package Matlab 
is called by a Matlab VI from within the Labview program. Once the Matlab GUI 
interface is active, the emission profiles may be created using raw data 
obtained by the operating system discussed herein. 

[00290] A decay (field) plot screen may include the following 
selections: 

select observation point; 

select reference point on DUT; 

plot E or H field decay rate; 

compare with 1/r, 1 /r 2 , 1 /r 3 slopes. 

[00291] A presentation screen RF/DUT rotary motion screen may 
be similar to the RF fixed sensor case but with these changes: a three- 
dimensional plot of the E or H emission profile, and/or display of transverse and 
longitudinal cross-sections of the emission profile. 

[00292] A presentation screen for RF rotating sensor may be similar 
to the RF fixed sensor case but with these changes: 
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An emissions profile is created from max field intensity at each scan position; 
direction and amplitude readout for each scan position; 

contour plot showing direction and magnitude of the magnetic field (or current) 
at each scan position; 

magnitude of the field is coded as before according to a color chart; 
polar plot of field intensity at each scan position; 

variation of field direction angle/amplitude with Z at each scan position; 

variation of field direction angle with Z, if any. 

[00293] FIGURE 67 shows a structure for a presentation screen for 
a DC field sensor. At a retrieve analog data screen, analog data recorded over 
a period of time for a specified position on the DUT may be retrieved. A field 
intensity false-color image screen may be similar to that for a fixed EM sensor, 
but analog output is added for the over selected duration. A test information 
screen may include detector parameters, background temperature, and/or scan 
parameters. 

[00294] FIGURE 68 shows a structure for a presentation screen for 
peak monitoring. A test information screen may include spectrum analyzer 
parameters, DUT information, sensor information, and/or scan position. A data 
screen may include a table bar chart listing each amplitude and corresponding 
data. A spectrum content figure of merit (SCFM) screen may include selection 
of the entire bandwidth of measurements or selected bands within the 
bandwidth. 

[00295] A time domain measurements screen may be similar to 
those for frequency domain measurements, with the detector being an 
analog/digital oscilloscope and a time variation of signal at each scan position 
being recorded. 

[00296] An objective of a sensor calibration using a TEM cell screen 
includes the following: 
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create a reference field in the TEM cell; 

calibrate sensor in the presence of reference field for a specific frequency 
range; 

create a lookup table to be used as transfer function of the sensor or for 
analysis/research purposes, for design of new sensors. 

A user may select the following: 

frequency range; 

reference field level inside the TEM cell; 
sensor type. 

Other functions at this screen may include plot calibration data, create lookup 
table, save, and print. 

Determination of near- and far-field patterns from near-field measurements 

[00297] It will be useful in our discussion of EMI to distinguish near- 
field effects from far-field effects. Far fields, or radiating fields, have a field 
strength that decreases as 1/r (where r is the distance from the source). Near 
fields are non-radiating and may include one or more of the following 
components: 

• electrostatic fields, non-time-varying fields induced by charge accumulation 
that have a field strength that decreases as 1/r 3 , 

• quasi-static fields, non-time-varying fields induced by current flow that have 
a field strength that decreases as 1/r 2 , and 

• standing-wave fields, which vary in time at RF or microwave frequencies. 

In a more complete description, the fields of a dipole are assumed (see, e.g., 
pages 38^42 of Christos Christopoulos, Principles and Techniques of 
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Electromagnetic Compatibility, CRC Press, Boca Raton, FL, 1995). In the near- 
field region, terms decaying as 1/r 3 represent electrostatic fields and hence 
capacitive energy storage. Terms decaying as 1/r 2 represent a quasi-static field 
due to a current element and hence associated energy storage around the 
dipole; this contribution is described as an inductive near field. 

[00298] It is important to note that in the near-field region, the 
electric and magnetic field components are not related simply by the intrinsic 
impedance of the medium (Z in ), as is the case in free space. The near-field 
impedance Z ne arjieid differs from Z in both in magnitude and direction. For the 
case of the dipole, this implies that the E field component is larger than would 
be expected for a far field. If we consider a loop antenna instead of a dipole the 
situation is reversed: the H component is now dominant. 

[00299] Near a source, therefore, the character of the source is 
reflected in the EM properties of the emitted wave. In the far field, on the other 
hand, nothing exists in the field properties from which the character of the 
source may be identified. This consequence adds to the importance of near- 
field measurements. 

[00300] The boundary between the reactive and radiating regions 
may be regarded to exist at a distance of approximately X/2n from the source, 
where X is the wavelength of the signal component being measured. As an 
example, for a signal at 1000 MHz, X is approximately 30 cm, so the near-far 
field boundary would be located only about 5 cm from the source. For a signal 
at 2000 MHz, the boundary would be at a mere 2.5 cm from the source. Of 
these two regions, the reactive near-field region is of primary interest for 
reasons described herein. 

[00301] While regulatory standards may require compliance with 
certain criteria for far-field emissions, near-field effects are actually more likely 
to cause interference within a circuit. For example, near-field emissions by one 
component, device, or circuit may interfere with the operation of adjacent 
components or devices, or may interact with the circuit shielding or the product 
enclosure, or may encounter other mechanisms by which they become radiating 
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fields and thus contribute to far-field emissions. Thus it is possible to combine 
two components, devices, or circuits, each of which complies with a specified 
emissions limit, and obtain a device that fails to comply or even fails to operate 
because of problems caused by near-field effects. 

[00302] In a method according to an embodiment of the invention, a 
near-field emissions profile of a device or system under test (DUT) is collected, 
and an radiation intensity (e.g. at a specified distance from and/or orientation 
with respect to the DUT) is calculated based on the emissions profile. An 
emissions profile may be compiled by measuring near fields of a given device or 
functional block over a predefined area, which may be on a plane above the 
device (e.g. parallel to a surface of the DUT). The size of the plane (i.e. the 
scan area) may be smaller than, the same as, or larger than the size of the 
device. For example, the scan area may be larger than the device by 
approximately 20 mm on each side. Depending in part on the sensitivity of the 
sensor being used, it may not be possible or desirable to measure near fields 
beyond this distance. However, it may not be necessary to measure the fields 
beyond such distance, as the information over the scan area may nevertheless 
be sufficient to support reliable calculation of fields due to emissions from the 
device everywhere on the circuit board (or other structure) being planned, as 
discussed below. 

[00303] Once the magnetic near fields are measured, the 
corresponding current densities may be calculated. From the current densities, 
the vector magnetic potential everywhere on the board (or everywhere in the 
space surrounding the DUT) may be derived, which in turn provides a 
characterization of both H and E fields everywhere on the board. This result is 
based on the Huygens-Fresnel Principle or the Surface Equivalence Theorem 
(discussed generally in Advanced Engineering Electromagnetics , Constantine 
A. Balanis, Wiley, 1989 and "Determination of Far-Field Antenna Problem from 
Near-Field Measurements," Richard C. Johnson, Proceedings of the IEEE, vol. 
61, no. 12, December 1973). The Huygens-Fresnel Principle states that each 
point on a given wavefront can be regarded as a secondary source that gives 
rise to a spherical wavelet, and that the field at any point exterior to the 
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wavefront can be derived from the superposition of these elementary wavelets. 
By applying this principle, the complete electromagnetic field configuration of a 
source may be computed if either the current or charge distribution over the 
source structure is known exactly. 

[00304] As introduced by Schelkunoff, the Surface Equivalence 
Theorem is a more rigorous formulation of the Huygens-Fresnel Principle which 
states that each point on a primary wavefront can be considered to be a new 
source of a secondary spherical wave and that a secondary wavefront can be 
constructed as the envelope of these secondary spherical waves. The theorem 
is based on a Uniqueness Theorem which states that a field in a lossy region is 
uniquely specified by the sources within the region plus the tangential 
components of the electric field over the boundary or, the tangential 
components of the magnetic field over the boundary, or the former over part of 
the boundary and the latter over the rest of the boundary. The fields in a 
lossless medium are considered to be the limit (as losses go to zero) of the 
corresponding fields in a lossy medium. Thus, if the tangential electric or 
magnetic fields are sufficiently known over a closed surface, the fields in the 
source-free region can be determined. 

[00305] In one application of this theorem, actual sources (e.g. a 
device) are replaced by equivalent sources. The calculated sources are said to 
be equivalent to the actual sources within a given region because they produce 
within that region the same fields as the actual sources. A rotating sensor as 
described herein may be used to measure tangential magnetic fields and 
therefore support calculation of the tangential H components. 

[00306] A second method for determining fields based on near-field 
measurements may be described as follows: The emissions profile of a given 
circuit component is described in terms of the components of the magnetic field 
vector, as measured on the surface of a plane at some distance above the 
component. In one example, the area over which the magnetic field is 
measured is a rectangular area that encompasses the footprint of the circuit 
component on the integrating substrate. The field components are measured at 
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a given set of frequencies, dictated by the functional attributes of the circuit 
component. 

[00307] For each frequency, electromagnetic theory of radiation can 
be used to obtain the electric and magnetic field components at any point in 
space above the plane over which the emissions profile is measured. One 
mathematical operation suitable for this calculation is an integration over the 
emissions profile plane of the product of the magnetic field components 
tangential to the emissions profile plane. In an exemplary implementation, the 
integration is performed using Green's functions, which may be used to express 
the electromagnetic fields generated at a given frequency at some point in 
space (called the observation point) due to a so-called dipole current source 
located at another point in space (called the source point). The dipole current is 
calculated as the product of the measured tangential magnetic field at a 
selected point on the emissions profile plane with a rectangular area 
corresponding to the resolution of the field measurement grid (i.e. as defined by 
the distance in each dimension between adjacent field measurements). The 
integration is performed numerically and can be interpreted as the vector 
superposition of the electromagnetic fields as contributed by individual dipoles 
located at the points where the emissions profile was measured. 

[00308] This process makes possible the prediction of component 
emissions at any point in the space above the component once its emissions 
profile has been obtained over only a limited portion of space (in this example, a 
plane just above the component and of sufficient extent to encompass the 
component footprint). As described herein, for example, this electromagnetic 
emissions capability from components on an integrating substrate may be used 
to guide system floor planning, whereby circuit component placement is decided 
on the basis of whether electromagnetic interference due to circuit components 
can cause the malfunctioning of other circuit components. 

[00309] A third method for determining fields based on near-field 
measurements is based on an expression of the total electromagnetic field in 
terms of a modal expansion. The magnitudes and directions of these modes 
can be derived from measurements of the electromagnetic field over an 
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appropriate surface in the near field (for example, over a plane surface for a 
plane wave expansion). Knowledge of the magnitude and direction of each 
component in the modal expansion permits a complete description of the 
radiated field. 

File formats 

[00310] It may be desirable to format measurement data (e.g. data 
collected using a sensor and positioning device as described above, such as an 
emissions profile) for storage and/or transfer. For example, the measurement 
data may be formatted into one or more matrices or arrays and stored as a file. 
The header of such a file may include information (e.g. in an ASCII or text 
format) such as the initial distance between sensor 120 and DUT 10 (e.g. along 
an axis orthogonal to a surface of DUT 10); the distance that separates each 
sampling point in the x, y, and/or z directions; the dimensions of the scan area 
or volume in the x, y, and/or z directions; the frequency or frequency range to 
which the measurement data pertains; the type of sensor used and/or the 
transfer function of the sensor; the type of data being stored and/or the 
particular data format being used; and information relating to other devices in 
the data processing path such as amplifier gain and spectrum analyzer 
resolution bandwidth. The file may also include a bitmap or other digital image 
of DUT 10 showing a relative location of the first measurement, an outline of the 
scan area, and/or grid lines. 

[00311] In an exemplary implementation, data measured over each 
of several planes (e.g. each plane corresponding to a different distance from 
DUT 10 along an axis orthogonal to a surface of DUT 10) is stored as a 
separate matrix, with the dimensions of the matrix corresponding to the planar 
axes. The matrix entries may represent the intensity of the sensed field as 
measured at the corresponding location. Alternatively, data may be interpolated 
between measurement points to obtain additional matrix entries. 
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[00312] A file may contain data values corresponding to more than 
one measurement frequency, with values for each measurement frequency 
being stored in different matrices or sets of matrices. Data corresponding to 
directional measurements may be stored in two matrices: one for magnitude or 
intensity and one for direction (e.g. in degrees). 

[00313] Values representing other measurement data may be 
stored in a vector format rather than a matrix or array format. Measurement 
data obtained during peak monitoring, for example, may be stored in two 
corresponding vectors: one for measurement frequency and one for the 
intensity recorded at that frequency. Alternatively, the frequency information 
may be stored in the file header as an initial value and an increment value (e.g. 
in a case where the frequency measurements are uniformly separated). For a 
sensor that provides measurements for components in two orthogonal 
directions (e.g. a directional magnetic field sensor such as a nonrotating loop 
sensor), a separate set of vectors may be recorded for each directional 
component, such that a magnitude and/or direction of the field at each point 
may be calculated later. 

[00314] Each matrix (or vector) entry may be stored as an ASCII 
(text) string of digits (delimited and/or of fixed length), possibly including a 
decimal point and/or leading and/or trailing zeroes. For example, an ASCII file 
may include two or more matrices, with one or more blank lines separating the 
matrices (each blank line being indicated by, e.g., one or more carriage 
return/line feed characters). Alternatively, each matrix entry may be stored in a 
binary integer or floating-point format. In other implementations, a matrix of 
data values may be stored in an image (e.g. bitmap) format. 

[00315] As described above, measurements may be taken while a 
signal inputted to the DUT is varied (e.g. in amplitude, frequency, modulation, 
etc.). In such case, a file for storing the resulting measurement data may 
contain a matrix for each level of variation of the input signal. The file header 
may include information identifying the various levels of the input signal (e.g. in 
dB) and correlating each input signal level to a corresponding matrix of data 
values. 
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CAD tool 

[00316] As shown in FIGURE 71 , a method for automated layout of 
electronic devices and/or systems according to an embodiment of the invention 
includes receiving a circuit description and component placement information 
(task P120). The circuit description received in task P120 provides information 
such as component type, dimensions, and connectivity. For example, this 
description may include a functional description of logical flow or signal flow as 
embodied in a SPICE netlist, a HDL file, or a schematic diagram. This data may 
describe a digital circuit, an analog circuit, or a circuit that has both digital and 
analog sections. As for the component placement information received in task 
P120, this data may be obtained, for example, from a tool for automated 
component placement. Other data received in task P120 may include size 
constraints and/or environmental information regarding such aspects as the 
nature and location of electromagnetic shielding elements. 

[00317] In task P130, an electromagnetic field as induced by a 
circuit defined by the data received in task P120 is calculated. In addition to the 
data received in task P120, this field calculation is performed with reference to 
one or more emissions profiles that correspond to the circuit components. 
These emissions profiles, which may be measured and/or mathematically 
modeled to an arbitrary precision, may be provided as a library or database and 
may be based on measurement data (e.g. as collected using a positioning 
device and one or more sensors as described herein). It may be possible to 
collect data for an emissions profile for an individual block within a die or 
module by selectively activating only the desired block. In an exemplary 
application, an emissions profile defines the near-field emissions of a particular 
component type and is presented as a grid of relative locations and 
corresponding factors in two or three dimensions. 

[00318] Data outputted by task P130 may be formatted in numerous 
different fashions. For example, task P130 may produce one field image for 
each component, or a single composite field image for the entire assembly, or 
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one field image for each predetermined subsection of an assembly, or one 
composite field image for each one of a set of predetermined frequencies. 
Additionally, the field calculations performed in this task may be limited to a 
particular frequency range or a set of critical (or in-band) frequencies. Also note 
that such analysis is not limited to two dimensions: field images may be 
generated in three dimensions as well, so long as the emissions profiles contain 
sufficient data from which to calculate such a field. In one exemplary 
implementation, images of field strength for the E and H fields in a plane at a 
specified distance from the DUT are outputted for storage as separate matrices. 
In other implementations, the images may indicate field direction as well. (Note 
that the term 'image' is used here only to indicate a matrix or array of values, 
and the use of this term does not imply that the image must be displayed or 
must be presented in a form suitable for display, although various 
implementations may include such capabilities.) 

[00319] In task P140, the effects of the induced field or fields from 
task P130 are calculated. Susceptibility profiles corresponding to the circuit 
components are used to determine these effects. A method according to an 
embodiment of the invention for determining a susceptibility profile for a 
particular component may be described as follows. An antenna is positioned at 
a fixed location with respect to the device or system under test (e.g. above the 
center of the DUT). Characteristics of the antenna such as radiation pattern 
and spot size are selected based on characteristics of the DUT such as 
package and die size. As the antenna radiates in response to an inputted 
signal (e.g. at a predetermined frequency and amplitude), voltages induced by 
the applied field at selected terminals of the DUT are monitored and recorded. 
The induced voltages may be stored in a file as described herein (e.g. as a 
vector, with one entry for each terminal being monitored), with information 
characterizing the measurement environment and/or protocol being recorded in 
the file header. 

[00320] In further implementations, the signal inputted to the 
antenna may be varied (e.g. in amplitude and/or frequency) as the induced 
voltages are monitored and recorded. For example, the inputted signal may be 
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varied among several preselected critical frequencies. In another example, the 
amplitude of the inputted signal may be increased until a breakdown condition 
occurs in the DUT. Alternatively or in addition to varying the inputted signal, the 
antenna and/or DUT may be moved relative to one another such that the 
radiating antenna covers a preselected path, area, or volume in the vicinity of 
the DUT, while position information and corresponding induced voltages are 
recorded. Alternatively or in addition to the above, a relative orientation between 
the antenna and the DUT may be varied (e.g. by rotating the antenna), while 
orientation information and corresponding induced voltages are recorded. In 
such cases, information regarding the signal, position, and/or orientation 
settings may be stored in a file header (e.g. as an initial value and a increment 
(or decrement) value) or as one or more vectors or matrices, with the induced 
voltage measurements being stored in corresponding vectors or matrices (e.g. 
one for each terminal being monitored). 

[00321] The DUT may be programmed or otherwise controlled to 
execute a specific sequence of instructions (e.g. a standard verification test), or 
otherwise to perform some repeated function, during such monitoring. By 
prompting the DUT to exhibit the behavior for each measurement, for example, 
a failure condition of the DUT may more easily be detected and/or established. 

[00322] Alternatively, a susceptibility profile may be obtained at 
least in part through simulation. In one such method according to an 
embodiment of the invention, a simulation package such as Specctra (Cadence 
Design Systems, San Jose, CA) is used to inject simulated signals at selected 
nodes or terminals of a representation of the device or system under test (DUT). 
The simulated signals may vary, for example, over a specified range of (or over 
certain critical values of) amplitude and/or frequency. The levels of the 
simulated signals are recorded, along with their effects on critical cores or 
circuitry of the DUT (e.g. until a breakdown occurs or until the simulated DUT 
fails to meet some performance criterion). 

[00323] In order to correlate a susceptibility profile with emissions 
profiles of potentially interfering devices, the strengths of the emitted fields at 
the locations of the selected nodes or terminals are determined (e.g. from the 
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field image(s) calculated in task P130). These field strengths (e.g. in volts or 
amperes per meter) are then translated to voltages at the nodes or terminals, 
based on such factors as the distance of the node or terminal from the radiator 
and the geometry of the package, board, and/or interconnects. 

[00324] A library or database of susceptibility profiles may include 
several profiles for a component, with each profile corresponding to a different 
frequency, operating voltage, process size, etc. Task P140 may also determine 
the effects of the induced fields by, for example, detecting locations where a 
profile threshold is exceeded. In a further implementation, task P140 accounts 
for the relative orientations of the various components and their emitted fields 
and/or susceptibilities. 

[00325] FIGURE 72 shows one extension to the method of FIGURE 
71. In this method, induced noise values as calculated in task P140 are 
included with the original circuit data in a SPICE simulation in order to predict 
the operation of a finished prototype. Such an operation may be regarded as 
'virtual prototyping.' In addition to allowing the designer to evaluate the 
performance of a prototype without the time and expense of fabricating one, 
such a method also guides the designer by providing information regarding 
problem areas. 

[00326] In another extension to the method of FIGURE 71 as 
shown in FIGURE 73, induced noise values as calculated in task P140 are used 
to determine whether a prototype constructed according to the placement 
template will comply with the design specifications. If it is determined in task 
P160 that the prototype will not perform within the specifications, then the 
template is rejected. 

[00327] In an extension to the method of FIGURE 73 as shown in 
FIGURE 74, induced noise values as calculated in task P140 are used in 
directing a modification of the circuit description and/or the component 
placement information. If these values indicate that the performance of a 
particular component is especially affected by a field generated by another 
component, for example, the component placement may be modified in task 
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P170 to separate the two components if other constraints (e.g. board size and 
dimensional limitations, connectivity requirements, etc.) allow. Alternatively, if 
the calculations indicate that a field generated by one component contains a 
frequency similar to the operating frequency of a nearby component, the circuit 
description may be modified in task P170 to change the operating frequency of 
the second component. 

[00328] FIGURE 75 shows a flowchart for a method according to a 
further embodiment of the invention that includes a task P220 of calculating 
component placement. In one implementation, task P220 is performed by 
combining physical information such as component dimensions and thermal 
sensitivities, enclosure and other constraints, and connectivity and placement 
requirements (e.g. as required for interfacing with other devices or boards) with 
general layout rules as described above (e.g. avoiding long parallel traces). 
FIGURE 76 shows an extension to the method of FIGURE 75 that includes 
circuit simulation task P250. 

[00329] FIGURE 77 shows an alternate extension to the method of 
FIGURE 75 that includes electromagnetic compliance (EMC) assessment task 
P180 and failure analysis task P190. In task P180, the effects calculated in task 
P140 are compared to predetermined criteria (e.g. one or more noise 
thresholds). If the criteria are exceeded, then a modification decision is made in 
task P190. In one example, upon a first failure, the criteria for component 
placement are modified and the procedure returns to task P220, where upon a 
second failure, the circuit description is modified to include shielding and the 
procedure returns to task P210. 

[00330] FIGURE 78 shows a block diagram for an apparatus 
according to an embodiment of the invention. Electromagnetic field calculator 
710 receives circuit description and component placement information signal 
S110 and emissions profiles signal S120 and outputs a signal relating to 
calculated electromagnetic fields to electromagnetic interference calculator 720. 
Calculator 720 compares the calculated fields to susceptibility profiles received 
on signal S130 and outputs a result based upon predetermined criteria as 
discussed above. 
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[00331] FIGURES 79 and 80 demonstrate the operation of the CAD 
tool in a system-level application. In this example, five components (e.g. 
integrated circuits) are placed on a printed circuit board in a preliminary layout 
based on connectivity and signal integrity considerations. One of these 
components is considered to be the aggressor, and an active region of its 
measured electromagnetic near-field emissions profile at a predetermined 
critical frequency is indicated by the spot in the lower right corner of its package. 
The other components are considered to be victims in this case. Application of 
a method or apparatus according to an exemplary embodiment of the invention 
includes a mathematical expansion of the measured emissions profile, with 
calculation of the induced field everywhere on the circuit board and subsequent 
determination of noise induced at the surrounding functional blocks. The 
induced noise values are then compared with exposure limits of each 
component (e.g. as indicated by the susceptibility profiles), and EMC violations 
are identified. In this example, components at which EMC violations are 
determined are indicated in FIGURE 80 by solid blocks. In a further 
implementation, a new layout may be suggested to correct the EMC violations. 

[00332] In a method according to a further embodiment of the 
invention, task P130 includes consideration of another coupling mechanism 
during integrated circuit design: semiconductor substrate-induced interference 
or 'substrate coupling,' which may occur through parasitic displacement and/or 
conduction current flow in a semiconductor substrate caused by passive and/or 
active devices. Consideration of such phenomena allows optimization of a 
circuit layout to suppress such interference, helps to guide the design of 
appropriate guard rings for improved isolation, and enables the design of on- 
chip passive devices by taking into account the impact of ohmic loss and/or 
substrate capacitance on their performance. FIGURE 100 shows a flowchart for 
a method of EMC-driven design according to another embodiment of the 
invention. 

[00333] A method, system, or apparatus for automated layout of 
electronic devices and/or systems according to an embodiment of the invention 
may be applied to the design of devices and systems at any level of granularity. 
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For example, the term 'component' as used herein may refer in one context to a 
component formed on a semiconductor substrate, in another context to a 
functional block (e.g. an analog circuit such as a resonant loop or a phase- 
locked loop, or a digital circuit such as a XOR gate or microprocessor) within an 
integrated circuit, in another context to a silicon chip or die, in another context to 
a discrete package, and in yet another context to a circuit module. As noted 
above, certain modifications may be appropriate to different levels of granularity 
(e.g. accounting for substrate coupling in the design of integrated circuits). 

Testing for diagnostics and product evaluation 

[00334] Design of a portable wireless electronic device is typically 
performed in two stages. In the first stage, a 'stretch board' is built to validate 
the design concept. Once the concept has been validated, the circuit is 
reduced in size to fit a designated form factor. At this point, two problems may 
arise. First, the reduced device may not perform at the same level (or, in 
extreme cases, may not function at all) due to one or more self-interfering 
mechanisms that appear only upon miniaturization. Unfortunately, the nature of 
the particular mechanisms, and the correspondingly appropriate remedy, is 
often unknown to the designer, and corrective action is often taken in an 
expensive and blind trial-and-error approach. 

[00335] Second, the reduced device may produce undesirable 
emissions. For example, a portable wireless device may include an unbalanced 
or embedded antenna that causes the circuit board's ground plane to radiate as 
the other leg of a dipole. In a broader context, the energy emitted by an 
electronic device may present a potential safety hazard to a user and/or may 
affect the operation of nearby devices. Before such a device is offered for sale 
or used in a work environment, its supplier may be required to demonstrate that 
the device is safe to the user (and possibly other persons) as defined by 
regulation, at least in its intended use. A supplier may also be required to 
demonstrate that the device will not interfere with the operation of other devices. 
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For example, industry and/or governmental regulations may require a supplier 
to establish that the device is in compliance with certain emissions limits. 

[00336] In addition to issues of electromagnetic interference and 
regulatory compliance, unwanted emissions by an electronic device also 
represent wasted power. For a battery-powered device such as a cellular 
telephone or portable computer, reducing such emissions may also result in the 
benefit of extended battery life. 

[00337] In some instances, computational modeling may be used 
during the design phase to establish that the emissions generated by a 
intentional radiator do not affect the operation of the final product and/or do not 
exceed a particular level (i.e. as measured at a specified distance and/or 
direction from the device). However, many electronic devices are too 
complicated for such modeling to be feasible. In addition to one or more 
intentional radiators of electromagnetic energy (such as an antenna), for 
example, an electronic device may also include unintentional radiators of 
electromagnetic energy (e.g. a printed circuit board coupled to an unbalanced 
antenna). In such cases, laboratory measurement must be conducted to 
establish compliance. 

[00338] Electromagnetic compliance and pre-compliance testing 
procedures may be expensive to perform. For example, such procedures 
typically require specialized equipment and an anechoic chamber. 
Unfortunately, when an electronic device fails to meet the required emissions 
limits, it is often difficult to identify the cause. Remedial actions that may be 
taken to bring the device into compliance without exceeding other requirements 
(e.g. regarding size, cost, and/or weight) include adding shielding, redesigning 
one or more printed circuit boards, and/or changing the location of an antenna. 
However, such actions are often taken based only on intuition or experience 
gained from similar situations in the past, without a demonstrable understanding 
of the mechanism of failure in the present instance. When taken without such 
understanding, remedial actions may even exacerbate the emissions problem. 
This lack of understanding may lead to a costly trial-and-error series of 
compliance test cycles. 
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[00339] It is desirable to reduce the costs of compliance and pre- 
compliance testing. It is also desirable to provide information regarding a 
mechanism of failure in a compliance test. It is further desirable to provide 
information regarding mechanisms of self-interference in an electronic device. 

[00340] FIGURE 81 shows a flowchart for a diagnostic method 
according to an embodiment of the invention. Task P310 obtains a 
characterization of the near-field emissions of a device under test. In an 
exemplary application, the device under test includes at least one active device, 
i.e. a discrete component whose operation involves the activity of a 
semiconductor junction. Examples of active devices include integrated circuits 
and transistors. 

[00341] In one implementation, the near-field emissions 
characterization includes a representation of a magnetic field vector (e.g. an 
intensity value and a direction) at each of a number of sampling points within 
the reactive near-field region of the device under test (e.g. less than 
approximately A/2tt from the surface of the device, where A is the wavelength of 
the frequency of interest). As described above, a quasi static approximation 
may be applied to near-field emissions in this region, and one or more sensors 
and a positioning device as described herein may be used to collect such a 
characterization. In one example, the sampling points reside in a plane at a 
specified distance from a surface of the device under test. In other 
implementations, task P310 may obtain a different characterization of an 
emitted magnetic field and/or a characterization of a different emitted field. 

[00342] Task P310 may obtain the emissions characterization from 
a data file (e.g. on one or more magnetic, optical, phase-change, or other non- 
volatile media) or from an array in storage (e.g. on a semiconductor random- 
access memory). Alternatively, task P310 may include collection of the 
emissions characterization by measurement as described herein (e.g. over one 
or more planes or volumes defined with respect to the DUT). In an exemplary 
implementation, the emissions characterization relates to emissions at one or 
more specified frequencies or ranges of frequencies (e.g. a carrier frequency 
range of a transmitting device, or an internal operating frequency such as an 
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intermediate, mixing, or local oscillator frequency). Depending on the nature of 
the device under test and/or the particular test criteria, task P310 may include 
applying and/or controlling a test signal inputted to the device under test. For 
example, task P310 may include varying an amplitude, frequency, and/or 
modulation of an applied signal and/or changing the terminals of the device 
under test to which the signal is applied. 

[00343] Task P330 calculates a radiation intensity of the device 
under test at one or more predetermined distances and/or directions. For 
example, task P330 may calculate a radiation intensity of the DUT everywhere 
within a specified volume (e.g. to a specified resolution). The radiation intensity 
may be expressed in such terms as power density (e.g. watts per kilogram or 
watts per square centimeter), electric field strength (e.g. volts per meter), or 
magnetic field strength (i.e. current densities, expressed e.g. in amperes per 
meter) and may be represented as one or more matrices, arrays, images, or 
files. Task P330 may assume transmission across free space and/or may 
perform the calculation with respect to a transmission path that includes one or 
more transmission media as characterized in terms of specific parameters such 
as permittivity and permeability. For example, task P330 may receive the 
characteristics of the transmission path from storage, via user input, or from 
another process. The description of the transmission path or medium may also 
include shielding materials, as indicated by such characteristics as position, 
shape, and composition. 

[00344] The calculation of task P330 may be limited to a particular 
frequency or set or range of frequencies. For example, task P330 may include 
calculation of a current density at each of a number of points in a plane above 
the surface of the device under test and within the reactive near-field region 
(e.g. as the curl of a tangential magnetic field vector measured as described 
herein). Various transformations may be applied in calculating the radiation 
intensity, such as Huygens-Fresnel, modal expansion, Green's Theorem, 
and/or Fourier transform. Task P310 and/or task P330 may also account for 
measurement artifacts such as the transfer function of a measurement sensor 
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and/or loading of the transmission lines over which the measurement signal is 
received. 

[00345] Task P350 receives the intensities calculated by task P330 
and identifies points or regions of high radiation intensity. For example, task 
P150 may include comparing the calculated intensities with one or more 
predetermined threshold values (e.g. as in task P355 of FIGURE 82). Task 
P350 (P355) may output results indicating locations of sources and 
mechanisms responsible for EMI/EMC violations (e.g. using one or more false- 
color or other images or plots as described herein). 

[00346] FIGURE 82 shows a flowchart for a diagnostic method 
according to another embodiment of the invention. In task P360, the design of 
a product under test is modified according to the results indicated in task P155. 
For example, shielding may be added or modified (e.g. between coupling 
elements, around a hot spot, and/or around the device itself), layout of the 
printed circuit board may be redesigned (e.g. to separate radiating elements 
from susceptible elements), and/or the location of an antenna may be altered 
(e.g. to reduce coupling to, and subsequent radiation by, a ground plane). 

[00347] FIGURE 83 shows a flow chart for an evaluation method 
according to another embodiment of the invention. Task P320 receives an 
emissions limit that specifies one or more maximum radiation intensities at 
particular distances and/or in particular directions from the device under test. 
The emissions limit may also specify a particular frequency or range of 
frequencies to which each maximum radiation intensity applies. Each maximum 
radiation intensity may be expressed in terms such as power density (e.g. watts 
per kilogram or watts per square centimeter), electric field strength (e.g. volts 
per meter), or magnetic field strength (e.g. amperes per meter). For example, a 
regulatory or industry standards limit for far-field emissions may be specified at 
about three meters from the device and at (or within some range of) the carrier 
frequency of the device. Task P335 receives the emissions characterization 
and the emissions limit and calculates the radiation intensity (e.g. as described 
with respect to task P330, and possibly at a distance and/or frequency as 
specified by the emissions limit). 
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[00348] One area of safety compliance testing involves 
measurement of SAR (specific absorption rate) of RF radiation by human tissue. 
For example, a transmitting device such as a cellular telephone may be tested 
to evaluate its effect on the user. Regulatory limits on SAR are typically 
specified at a distance of up to 5 cm from the device and at (or within some 
range of) the carrier frequency of the device. In such an application, task P135 
may calculate the radiation intensity of the device under test in a medium 
defined by specific parameters such as permittivity and permeability (i.e. in 
addition to, or in the alternative to, calculating the radiation intensity in free 
space). For example, the definition of such a medium may be selected to 
approximate the electromagnetic characteristics of the human skull and brain or 
of other body parts. 

[00349] Task P340 compares the calculated radiation intensity with 
the emission limit(s) as received in task P320. As in task P350 described 
above, the results of task P340 (P345) may indicate locations of sources and 
mechanisms responsible for EMI/EMC violations. 

[00350] An evaluation method as shown in FIGURE 83 may be 
used to perform pre-compliance testing. For example, a pre-compliance test 
may use one emissions measurement to check compliance with both SAR and 
far-field limits, identifying problem regions for evaluation and possible redesign 
before the actual compliance test is performed. FIGURE 84 shows a flowchart 
for a method including modification task P360 as described above, wherein 
redesign of the device (e.g. according to the results indicated by task P345) 
may be performed before re-testing. In a method according to a further 
implementation of the invention, emissions limits (such as SAR and far-field) 
may be incorporated as design criteria in a virtual prototyping application as 
described herein. 

[00351] In additional applications, an emissions limit as received in 
task P120 may relate to a susceptibility of a part of the device itself to the 
energy radiated by another part of the device (e.g. as indicated by a 
susceptibility profile collected and/or stored as described herein). 



PA990210U2 
EL903005854US 



74 



[00352] Although applications to testing of cellular telephones and 
portable computers are described herein, a method according to an 
embodiment of the invention may be applied to the testing of any electronic 
device having an active device. An active device is a discrete component 
whose operation involves the activity of a semiconductor junction. Examples of 
active devices include integrated circuits and transistors. 

[00353] FIGURE 85 shows a flowchart of a method of emissions 
measurement according to a further embodiment of the invention. Task P306 
obtains spectrum content information for a device under test (e.g. an integrated 
circuit) over a selected frequency range as described herein. For example, task 
P306 may obtain a spectral content figure of merit (SCFM) over a broadband 
range. Task P308 selects a number of frequencies within the selected 
frequency range for further evaluation. For example, task P308 may select 
frequencies at which the spectrum content information exceeds a 
predetermined threshold. Task P322 receives one or more emissions limits that 
may each include a distance and a radiation threshold. Alternatively, task P322 
may receive a number of emissions limits corresponding to the selected 
frequencies. Task P312 obtains near-field emissions profiles for the selected 
frequencies, task P332 calculates corresponding radiation intensities, and task 
P342 compares the radiation intensities with the emissions limit(s), all as 
described herein. The spectrum content information of the device as obtained 
in task P306 may be stored and/or forwarded for use in other applications as 
well: for example, system-level applications such as frequency planning and/or 
floor planning. 

[00354] The foregoing presentation of the described embodiments 
is provided to enable any person skilled in the art to make or use the present 
invention. Various modifications to these embodiments are possible, and the 
generic principles presented herein may be applied to other embodiments as 
well. For example, the invention may be implemented in part or in whole as a 
hard-wired circuit, as a circuit configuration fabricated into an application- 
specific integrated circuit, or as a firmware program loaded into non-volatile 
storage or a software program loaded from or into a data storage medium as 
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machine-readable code, such code being instructions executable by an array of 
logic elements such as a microprocessor or other digital signal processing unit. 
Thus, the present invention is not intended to be limited to the embodiments 
shown above but rather is to be accorded the widest scope consistent with the 
principles and novel features disclosed in any fashion herein. 

Application Areas 

[00355] In this section of the description, results obtained in several 
different applications of systems, methods, and apparatus according to 
particular embodiments of the invention are discussed. This discussion relates 
to particular embodiments of the invention and does not limit the more general 
description of other embodiments as presented herein. 

[00356] ASIC Characterization: FIGURES 86 and 87 show 
emissions signatures of a VLSI chip at about 12 and about 60 MHz. 
Measurements were carried out at 1-mm increments using a magnetic field 
sensor positioned five mm above the chip. The profiles indicate levels and 
extent of the field on and around the package. The three-dimensional cross 
section was obtained from magnetic field measurements on six separate 
planes, five mm apart. 

[00357] ASIC Hardware Verification: Near-field measurements of a 
VLSI chip and board indicate RF coupling due to radiation. FIGURES 88-90 
show areas of the VLSI die and package. In FIGURE 88, the profile was 
obtained by using a 130-micron E-field sensor scanning in a plane 2 mm above 
the die. 

[00358] Component Characterization and Diagnostics: The 
passband filter used in these tests was fabricated on a 25 mil thick alumina 
substrate. Of the two units submitted for emissions tests, one had a fracture on 
the substrate at the input area. FIGURE 91 B shows that the defective filter 
radiates in the input area due to mismatch caused by the fracture. Dimensions 
on the X and Y axes in FIGURES 91 A, B are in mm. 
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[00359] Product and System Level Measurements: Typical 
fundamental switching frequencies of AC adapters are between 30 to 200 KHz. 
Emissions at these frequencies may arise from both common mode and 
differential mode sources. Imbalances in stray capacitance, which are widely 
distributed and unpredictable, may convert these currents and voltages into 
interference signals. In practical applications, several coupling mechanisms 
could be operating at the same time. Dependence of the stray capacitance on 
proximity to other objects when the adapter is unshielded or partially shielded 
could exacerbate the problem. 

[00360] In FIGURE 92, results are presented from a test of an AC 
adapter rated at 12V, 2.5A, switching at about 65 KHz. Magnetic field profile is 
obtained by scanning over six separate planes, one cm apart. 

[00361] Product and System Level Measurements: FIGURE D8 
shows an emission signature of a cellular phone at about 340 MHz. This 
signature was constructed from magnetic field measurements in three planes 
above and below the phone. The phone was powered by a battery during the 
test. Such measurements may provide insight into effectiveness of shielding 
materials and techniques used in the construction of wireless products. The 
phone shielding design in this specific case incorporated conductive polymers 
at device and board levels. Magnetic field scans of a different cellular phone at 
about 60 MHz are presented in FIGURES 92 and 93. 

[00362] Device Emission Measurements: FIGURE 96 shows that 
undesired signals radiated by a sample produced by one foundry (Fab 1), due 
to its higher bandwidth of emissions, accounted for system level interference 
problems in a wireless product designed around the same VLSI chip as 
produced by another foundry (Fab 2). 

[00363] Device Spectrum Content Figure of Merit: FIGURE 97 
shows a comparison of emission spectra of three ASICs A, B, and C (fabricated 
using process sizes of 0.42, 0.35, and 0.25 microns, respectively) over a range 
of 0-1000 MHz. 



PA990210U2 




EL903005854US 

[00364] RF ASIC circuit board layout design: Transistors are 
current switches. Therefore, in addition to their normal signal processing or 
amplification operation, they may exhibit an unintentional, parasitic, broadband 
radiation behavior. While the radiation efficiency of a typical transistor is very 
low due to the device's small size, the potential exists for radiated emissions 
from one or more transistors (unless properly shielded) to couple to adjacent 
conducting structures, thus causing secondary radiation and/or interference to 
adjacent components. 

[00365] FIGURES 98 and 99 show results of tests conducted on the 
near field of a switching transistor. A circuit board was designed to test the 
performance of a power amplifier incorporating two transistors, in a case where 
a form factor product definition (specifically, for a 10-mm square multichip 
module) limited the amount of board area available for the transistors. As 
shown in FIGURES D13 and D14, severe coupling is present at the center of 
the board where the transistors are mounted, notably on the collector wire 
bonds. In addition, there is indication of poor isolation between the two input 
channels due to an improperly designed board layout. The false-color image 
accurately visualizes amplifier gain and cross-channel gain as verified through 
network analyzer measurements. 

[00366] FIGURE 98 shows magnetic field emissions profiles with a 
signal applied to the top transistor only. The profiles show electromagnetic 
coupling between the transistors and via the ground patches separating the 
input and output lines. The higher resolution image (bottom) identifies a 
mechanism of coupling between the two power transistors (frequency 1900 
MHz). 

[00367] FIGURE 99 shows magnetic field emissions profiles 
measured at three separate planes above the test circuit. The bottom image 
shows a cross-section of the three-dimensional magnetic-field emissions profile 
above the board at the midpoint of the X-axis (frequency 1900 MHz). 



[00368] We claim: 



